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PREFACE

This final report presents a discussion of the work performed under
Contract NAS 9-879 from 7 November 1962 to 15 August 1963. During this
period four interim progress reports were submitted covering limited phases
of this overall study and are not fully reported here. Work performed during
the final report period, 31 May 1963 to 15 August 1963, is presented here in
its entirety and integrated with previous work to provide a complete and
coherent document. Where possible, material from earlier reports is
referenced, rather than being reproduced here, in order to keep the size of
the volume within reasonable proportions. It is felt that the collection of
documents representing the initial study phase of a larger Deep Space
Optical Communication Program provides a sound basis from which advanced
system and experimental programs can proceed.

Participation at Hughes has involved nearly all parts of the company
that are engaged in laser, optical detector, and communication systems
activity. A list of the personnel who participated in the preparation of these
reports is given below.
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1. INTRODUCTION

The goal of this initial study phase of the Deep Space Optical Com-
munication Program is to establish the feasibility and desirability of utiliz-
ing the laser and suitable optical detectors in a communication system which
will provide two-way telemetry, voice, and down-TV from distances of the
order of 50 million miles. Since knowledge of both current and extrapolated
component and systems capability is required in such a study to suitably
define a program for advanced studies, research, and development, several
areas of technology had to be surveyed and analyzed. In particular, laser,
optical detector, and modulation systems technology had to be carefully
explored and boundaries of performance described.

Utilization of the laser with its novel properties required that exten-
sion of current communications knowledge be analyzed in terms of support-
ing equipment. It was found, for example, that the operating frequency,
power output capability, spectral purity, etc. required by the system, call
for increased performance from optical detectors in regions of the spectrum
where no such demand previously existed. Thus, it was necessary to study
wide-bandwidth optical detection operating in the infrared wavelengths.
Problems in the practical utilization of these detectors in a laser communi- -
cation system are presented in Section 2. Also presented in this section is
a discussion of some of the more complex modulation devices such as the
microwave phototube and the crossed-field photomultiplier.

The characterization of the operating properties of the numerous
lasers is the subject of Section 3. Not only has the number of lasers
increased since the initiation of this study, but so has the number of types
of laser. Discussed in this section are pulsed and CW, gas liquid, solid-
state and semiconductor lasers with optical, electrical, and other tynes of
pumping mechanisms. An analysis of some of the limitations in bandwidth,
spectral purity, and power output is described. The statistical nature of the
noise from the various lasers (i. e., its coherence and stability properties)
is examined in Section 4.

The laser, with its extremely high frequency provides a poterntial for
communications systems with extremely large bandwidths. This places a
requirement for study of the various types of modulation that cen be performed
and makes necessary careful characterizing of the limitations which



supporting communications technology places on each of these techniques,
Section 5 discusses the various types of modulation systems which might be
implemented and orders them in terms of their respective virtues. The

effect of systems limitations on the ability to fully utilize the cr.ormous band-
width potential of lasers is indicated in the study of near-range wide-bandwidth
modulation given in Appendix 5A.

In Section 6, the properties of various physical devices and their
effective utilization in light modulation are discussed. Estimates of the
modulator power required, the percent modulation and distortion, and Sys-
tems limitations are indicated. In Appendix 6A, the limitations imposed by
the signal processing circuitry for the GaAs diode used in a PPM mode are -
discussed in detail.

Section 7 outlines various demodulation systems and compares them ;
theoretically to establish a performance characterization as a function of
frequency, bandwidth, and external noise. This receiver performance
characterization serves as the basis for the establishment of the optimum
receiver selection for various frequency regimes.

Section 8 establishes the characterization of the channel by presenting
the effects of attenuation and external noise sources on system performance.
Section 9 lists earlier interim reports concerning operations analysis, with
emphasis on energy sources, tracking and pointing accuracy, stabilization,
andiother operational constraints. Section 10 is concerned with the systems
analysis and the establishment of the optimum operating frequency selection
and the source-destination selection based on results of earlier sections. It
is here that the choice of communication link and modulation method is made.

In Section 11, a preliminary systems design of the competitive sys-
tems is performed, and comparisons are made. Section 12 consists of
summary of the overall results and recommendations for additional work.



2. OPTICAL DETECTOR TECHNOLCGY

INTRODUCTION

The function of the photodetector is to provide an electrical output
signal related to the intensity of the incident light signal. In this context the
word "light' is used to denote electromagnetic radiation in the visible and
the near-infrared range of the spectrum. For the purposes of the contem-
plated application, the wavelength limits may be set at 0.4 and 4 microns.
Over this spectral range several physical mechanisms and devices are
available for detection; the utility of any one device is confined to a part ot
this range. It is therefore necessary to discuss a variety of devices.

The general properties of photodetectors will be discussed, their
common basic characteristics identified, and the parameters which are
descriptive of their capabilities as detectors or demodulators of light will be
defined. Specific detectors will then be discussed in detail.

It is assumed that information is conveyed by an amplitude modulated
light beam. The function of the detector is to retrieve the modulating signal.
It must therefore act as an integrating device; the pericd of integration must
be long compared to one cycle of the carrier, and short compared to the
period of the highest component of the modulating signal. In principle any
body which absorbs the incident radiation and which changes some of its
physical properties as a result of absorption may act as a detector, but vast
practical differences exist among the variety of materials and configurations
which may be employed as detectors.

In the infrar:d region considerable use has beer rnade of therma!
detectors. These d-tectors convert the incident radiation into hea:, then the
change in the temperature of the detecting element is measured. The merit
of such detectors is that they permit an absolute determination of the incident
energy; their response is within wide limits independent of the wavelength of
the radiation. Other radiation detecting devices are usually cslivrated oy
means of thermal detectors. On the other hand, the intesration time of
thermal detectors it long: they could only be employed {or the dernodulation
of signals modulatec at an impractically slow rate. Beccause of their slow
response and their low sensitivity, thermal detectors w:il not e considered,



The other group of radiaiion detectors is based on the »hotoelectric
effect which implies the conversion of the energy of the incident radiation into
energy of electrons contained in the detecting element without communicating
this energy to the entire material. Photoelectric detectors are gquantum
detectors because the processes which take place in them preséerve the cuan-
tum character of the radiation and absorption process. The basic law of
every photoelectric effect is that the absorption of energy from the radiation
field proceeds in quanta of size h v, where h is Planck's constant and v the
frequency of the radiation. Moreover, each quantum of energy absorbed
from the radiation field is imparted to a single electron.

In the visible part ¢f the spectrum one quantum is generaily sufficient
to impart enough energy to an electron enabling it to leave a suitable solid.
In other words, an cxternal photoelectric effect may take place. The emitted
e rons may be collected directly; the current collected is proportional to
th&intensity of the incident radiation. In the infrared region the energy
absorbed from the radiation field is generally insufficient to free the electron
entirely, but it may be sufficient to impart to the electron such freedom of
motion that it can then be detected by sensing the conductivity of a suitable
solid or by sensing the potential difference developed between different points
in the solid. Detectors of this type are said to be based on the internal
photoelectric effect.

The practice and terminology in the visible and infrared region is
somewhat different, but there are common features. In all photoelectric
devices operating in their »roper range, the voltage or the current output of
the device is proportional o the intensity of the input signal, The power
output of a photoelectric device operating into a proper load is then propor-
tional to the square of the :nput radiation intensity. Because of this square
law property, photoelectri: devices are capable not only of demodulation but
of mixing functions as well. However, it must be kept in mind that the output
of a photoelectric detector is subject to frequency limitations and that in the
case o1 an extended photod :tector the output will be averaged over the vari-
abie iliumination of the photosurface. Therefore, if two light beams o1 con-
stant intensity and frequencies v, and v, should be incident on the
photodetector, the differerce frequency !v - v l will be detected only ifl
the integration time of the photodetector is short ‘¢omparedto | v, - V5 )
and if the phases of the incident beams do not vary in such an irrégular
manner over the photosurface that a cancellation of the difference sxgnal will
t:' place upon averaging over the entire surface.

It has already been stated that for light of a fixed wavelength (frequency)
the ratio of output voltage {(current) to input intensity is a constant. This ratio
is called the "responsivity'" (R): as a function of wavelength .t usually has one
_maximum. To characterize the spectral variation of the res»bonse of a detec-

- tor, it is customary to provide graphs showing the relative responsivity, i.e.,
the responsivity for wavel:ngth X divided by the peak responsivity. The
relative response curves : re identical for detectors which utilize the identical
physical processes and miterials, while the peak responsivity may cepend on
technical characteristics of the instrument as well. When the responsivily



R of an instrument is given without qualification in the visible region, it is
understood that this is the value obtainable for the wavelength at which its
response is the greatest. Responsivity is expressed in voits per watt or
amperes per watt.

There are random fluctuations in every photodetector, which cause
the output signal to fluctuate even in the presence of a constant input signal.
These fluctuations constitute the noise generated by the cetector. This
internal noise limits the capability of the detector for the detection of low-
level signals. When the noise output is analyzed according to frequency, it
is found that for frequencies low compared to the optical ones the noise power
output of a detector is proportional to the bandwidth. The noise of the photo-
detector is characterized by the noise equivalent power {NEP) for one cycle
bandwidth. This is the input signal which produces the same output voltage
as is present in a one cycle bandwidth due to noise alone.

The NEP is a function of the wavelength of the signal. In the visible
range when a figure of NEP is quoted without further specification, it refers
to the wavelength for which the responsivity is maximum; in the infrared
range it refers to the 500 ° K black-body source. In the former case the NEP
can then be computed for another wavelength by means of the relative sensi-
tivity curves according to the equation

NEP( ) R(A\) = NEP (peak) R (peak) (2-1)

Similar conversion may be made in the infrared for a source of a
different temperature or for a monochromatic source. The noise power out-
put of the detector which is proportional to the bandwidth is also proportional
to the square of the noise output voltage. The NEP is proportional to the
square root of the bandwidth; its proper unit is watt-sec- /2, although fre-
quently the sec™1/2 is omitted.

A commonly used figure of merit of a photodetector is the reciprocal
of NEP, called '"detectivity'" D. For most photodetectors the NEP is pro-
portional to the square root of the area; therefore the quantity

al/2
NEP

v/
f

v
1]

[§¥]

1s a better measure of the detectivity because it is independent of the size of
the detector. Modern publications use D*, whose unit is cm-sec~4i/4/watt.

The physical processes in every detector have a {inite lifetime.
Together they impose a limitation on the speed with which the output of the
detector can be altered by altering its input. KEach detector is characterized
by a response time, v , whose reciprocal is the highest anguler irequency of

2-3



modulation or variation the detector can follow accurately., This is
essentially the integration time of the detector. When the modeiation tre-
quency is varied, the responsivity varies according to the formula
(Reference 2-1)

R (f) = - 22 2 172 (2-3)

d to RO/ v 2, where Ro is its value for low modulation frequencies.

\\6@ t is the modulation frequency. When 2-f = r 1 the responsivity is

The figures of merit R, D, D¥, and r are not absolute constants of
the material or the physical process. They may depend on the environmental
conditions and on the average signal level. For example, the detectivity
depends on the temperature of the detector and also on the average output
current of the detector. The dependence of the figures of merit on these con-
ditions. is different for each kind of photodetector.

The role of the different figures of merit may be summarized as
oliows: the responsivity curves determine the usefulness of a detector as
a function of the propagating field (carrier) wavelength. The peak respor-
sivity determines the output voltage or current level of the instrument. The
NEP or detectivity determines the least detectable signal, and the response
time v the highest modulation frequency.

v

PHOTOMULTIPLIERS

in the visible and near-infrared region of the spectrum the photo-
xiultiplier is the most efficient and convenient detector of radiation. It is
vased on the external photoelectric effect and the subsequent amplification
of the electron current by means of a number of secondary emitting stages
termed 'dynodes, " The amplification is simply a matter of convenience: it
:ncreases the responsivity of the instrument, but it does not increase its
at v to detect weak signals. The basic and determining process in the
ph®¥multiplier is the external photoelectric effect, which consists of two
steps: absorption of light by a solid and emission of an electron. Light may
be absorbed without an electron being emitted; "this occurs every time an
electron-hole pair is created by absorption of light in a semiconductor.

According to the basic law of the photoelectric effect alrezady mean-
tioned, the emission of cach electron is caused by the absorption of a sin;le
photon. Electron emission will take place only when the photon possesses
sufficient energy to overcome the work function of the solid, 1.e., when

hv 29 (2-4)



where q is the electronic charge and @ is the work fuaction. Tais relation
sets a long wavelength limit for every photoemissive detector; it may be put
in the form:

12,400 .
)\ - L2 -
L ad (

[a¥]
1

Ut

~

where )\ is the wavelength limit in angstroms and e @ is the work function
of the photocathode in electron volts,

The element with the lowest work function is cesium. For this
element q® = 1.9 ev;  therefore, the wavelength limit of a cesium photo-
cathode is about 6500 A. Composite photocathodes consisting of combinations
of metals and oxides have lower work functions; they are capable of function-
ing up to about X\ = 1.2 microns., Naturally, as the limit is approached the
efficiency of the detector decreases. The variation of detector erficiency
with wavelength is apparent from the responsivity curves or the curves of.
quantumn efficiency, which in the case of photoemissive detectors are simply
related to the responsivity curves.

Quantum eificiency 7 is the number of emitted electrons divided by
the number of incident photons. The frequency », quantum efficiency 7 ,
incident power P, and the photoelectric current i are related as follows:
The number of incident quanta per seconds is n = P/aw, the electron current
emitted from the photosurface is 7 nq; therefore

i =nqP/hv {2-9)

Responsivity R (v) is proportional to i/P; therefore

R (») = £anly) (2-7)

where K is a suitable constant which depends on the araplification of the
photomultiplier. For the purposes of this study the quantum efficiency is a
more convenient variable than the responsivity. The cuantum efficiencies
of the red-sensitive photocathodes are shown in Figure 2-1.

The following four wavelengths are particularly impostant in laser
technology: 6328 A, 6943 A, 1.06 microns, and 1.13 microns. Thesc are
the wavelengths of neon, ruby, necodymium, and neon lasers, respectively.
Table 2-1 contains quantum efficiencies and relative responsivizies of the
photosurfaces S-1, 10, 17, and 20 at these important frequencies.
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Figure 2-1. Spectral Response of Various Photocathodes
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Clearly only the S-1 surface is .suitable for .06 and 1. 13 micron radiation,
and the S-17 surface is inferior to the others at the two shorter wavelengths,

A number of photomultiplier tubes are available with these surfaces.
The responsivity and the noise equivalent input of the photomuitipliers :s
usually given in microamperes per lumen® and in lumen (Reference 2-2).
A test lamp of color temperature 2870° K is employed in place of a monochro-
matic source to determine responsivity and NEP. The data found in the
literature may be converted so that responsivity is expressed in micro-
amperes per watt input and NEP in watt input where the input radiation is that
of the peak response. The conversion is accomplished by making use of
Engstrom's conversion factors k which take into account the entire spectrai
gvonse of the photodetectors (Reference 2-3). These factors are listed in

le 2-2.

TABLE 2-2. WAVELENGTHS OF PEAK RESPONSE
AND ENGSTROM'S FACTORS

Wavelength of Engstrom's
Photosurface Peak Response Factor
S5-1 8000 93.9
S5-10 4500 | 508.0
5-20 4200 428.0

The data in Table 2-3 are found in Reference 2-2 concerning photomultipliers
with S-1, §-10, and S-20 spectral responses:

TABLE 2-3. NOISE IN PHOTOMULTIPLIER TUBES

Spectral Noise Equiv.alent o

Tube Response Illumination Temperature, C

6217 $-10 4.0 x 10-1! tumen 25
‘7162 S-1 1.7 x 10-12 watt 25

7265 S5-20 7.5 x 10713 lumen 25

7265 S$-20 1.0 x 10713 jumen -80

7326 $-20 1.9 x 10-12 lumen 25

7326 $-20 3.0 x 10713 lumen 80

*Ol’l(’- 1un~)en = 1, 496 X ].0~3 Watt'



For tubes of S-10 and S-20 spectral response tne figures of Table 2-3
may be converted to noise equivalent power at the peex of the response by
means of Engstrom's factors. Then the noise equiva.ent power for the
relevant radiation may be obtained by making use of the data of Table 2-1.

In this manner the values of NEP were calculated and are given in Table 2-4.

o o)
TABLE 2-4. NEPIN 1-CYCLE BAND AT 6328 A AND 6943 A
FOR SEVERAL PHOTOMULTIPLIERS

NEP, watt-soc‘.—l/z
: 5 T 5 Temp%rature,

Tube 6328 A 6943 A C

7102 3,0x 10712 2.1 x 10-12 25

6217 2.6x 1013 7.9 x 10713 25

7265 4.3 x 10710 8.0x 101" 25

7265 5.6><10‘16 10.4x10‘16 -80

- 1

7326 1.07 x 10712 2.0x 104 25

7326 1.6 x 10713 3.2 x 10712 -80
- - L e e an-12 . -1/2
For - 1. 06 microns the NEP of the 7102 tube 1517,,‘1 x 10 watt-sec )
For A 1.13 microns it is 5/7 x 10-1! watt-sect/4.

In the course of defining nolse equivalent power it has been assumed
that the noise originates in an unilluminated photodetector; in short, the dark
current noise has been dealt with. Consider now a detector which is already
illuminated and ask what noise will interfere with the detection of an incre-
mental sienal.  In addition to the noise due to the dark current. there will
be noise attributable to the random fluctuations of the existing photocurrent.
These fluctuations are the consequence of the atomistic nature of electricity:
the photocurrent consists of the flow of an integral number of eclectrons. The
rms value of the shot noise current is given by the formula

where q is the electronic charge (1.60 x ]LO_19 coul). I i1s the torai current
in the photodetector, and Af is the output bandwidth {(Reference 2-4).

2-9
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The shot current is independent of the nature of the pactodetector. It
becomes significant when the photodetector is used to detect a small variable
illumination in the presence of a constant one (background). Let this constant
illumination be P. The corresponding photocurrent I is calculated by means
of Equation 2-6. Therefore,

2 1/2
A :
; - (29 nPOf (2-9)
sh hy

The shot noise equivalent input signal Psh is calculated by making use of
Equation 2-6 again

® o =<2PhuAf>”2
sh

(2-10)
m

Attention is called to the role of the quantum efficiencyn . It does not enter
into the calculation of the NEP which pertains to the dark current noise, but
it does affect the value of the shot noise.

The absolute responsivity of a photomultiplier depends on the voltages
applied to its dynodes. The manufacturers usually state the responsivity
under specified conditions in microamperes per lumen, the scurce of irradi-
ation being a black body at 2870°K temperature. To convert this responsivity
into microamperes per watt illumination for a monochromatic radiation it is
necessary to divide by Engstrom's k multiplied by the relative responsivity at
the wavelength of the monochromatic radiation. The absolute responsivity is
of no importance in the detecting capability of the photomultiplier; it does
influence, however, the design of the amplifier which follows the photomulti-
plier. The calculation of the signal-to-noise ratio is based on the NEP of
Table 2-4 plus the shot noise calculated from Equation 2-10 plus other noise
that may be entering the detector with the signal, including the noise due to
signal fluctuations.

The response times of ordinary photomultipliers are between | and 3
nanoseconds. From Equation 2-3 it is found that the responsivity is fairly
uniform until the frequency f = 1/2 wris reached. Thus the performarce of the
;“rnercial photomultipliers begins to be degraded between 50 and 150 mc

ulation frequency. Actually, Herriott (Reference 2-5) obtained beat notes
up to 300 mc in modulation frequency using an ordinary 7102 multiplier photo-
tube to mix modes of the 1.153-micron neon line. Special tubes are required
for the detection or demodulation of signals varying at a faster rate.

MICROWAVE PHOTOTUBES

Siegman and McMurtry (Reference 2-6) have shown taat a traveling-
wave tube may be used as a phototube. They have obtained cutputs up to 4200
mc in modulation frequency when irradiating a Sylvania TW-530 traveling-
wave tube with ruby radiation containing several axial modes. Such tubes
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could also be used to demodulate amplitude-modulated l.ght with modulatiorn
frequency extending into the microwave range.

The traveling-wave phototube is an example of a imicrowave phototube
which consists of a photoemissive surface followed by a microwave amplifier.
Such a structure is shown schematically in Figure 2-2. When amplitude-
modulated light strikes the cathode it produces a corresponding amplitude-
modulated electron beam. This beam is then accelerated and passed through
a microwave tube element such as a traveling-wave amplifier. The latter
amplifies the modulation of the electron beam and extracts the modulated
signal which then emerges at the output. Questions of transit time do not
arise in connection with the operation of such a tube because the space-
charge wave which represents the modulating signal travels down the tube
element where the intcraction with the microwave field takes placed.

The cathode of the TW-530 tube is of the BaO:SrO thermionic type;
it is not especially suitable for photoelectric emission for incident ruby light.
Consequently, it is not surprising that McMurtry and Siegman obtained
quantum efficiencies of only 10-5 to 10 with such a tube. The low quantum
cfficiency is offset by the 40-db gain of the traveling-wave tube.

A photomixer image tube was constructed by Lucy (Reference 2-7).
This tube contains an S-1 photosurface which is scanned in the manner of a
conventional image tube. The emerging electron beam is directed into a
traveling-wave amplifier. Detection of 3.4 Gc beats was reported with a
quantum efficiency of 3 x 10-6 at 7000 &.

An X-band microwave phototube was constructed by Petroif and
associates (Reference 2-8). This tube had an S-1 photosurface; the amplifi-
cation of the traveling-wave tube was 30 db. Signals were obtained at 8.4 and
10.5 Ge. Quantum efficiency data were not published.

There are no published data concerning the noise and responsivity of
microwave phototubes. In most instances no suitable amplitude-modulated
light input was available for the testing of these tubes, and only semiquantita-
tive data were obtained by means of mixing experiments with light of some-
what uncertain composition.

Dynamic Crossed-Field Photomultiplier

The distribution in electron transit times limits the frequency response
of conventional electrostatic photomultipliers to less thana few hundred mega-
cycles. Gaddy and Holshauser (Reference 2-9) have proposed a device in
which the electron transit time is rigidly controlled through the use of a micro-
wave electric field to provide the energy for secondaryv eiectron emission. The
maximum possible bandwidth of their device is half of the electric field
frequency.

The high-frequency field is applied across a cordense=, one dicte of
which has been treated to be an efficient secondary emitter as illustrated in
Figure 2-3. A photocathode is incorporated at one end of this piate.
Electrons emitted when the field is positive will be accelerated toward the
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other plate. If a magnetic field B is applied perpendicular tc tiie electric
field E, the electrons will be bent into curved trajectories, anu for appropri-
ate values of the field E and B and the frequency w of the electric field some
of the electrons will be returned to the first plate and produce secondarics.,

The analysis of Gaddy and Holshauser demonstrates that only those
electrons emitted at the cathode during the first 60 degrees of « period of
the electric field can satisfy the conditions necessary to proceed through a
series of multiplications and be collected along with the generated secondar-
ies. The electrons become even more tightly bunched in phase as they pro-
ceed through successive steps of multiplication. Signal frequencies in the
range wy < w/2, where w is the frequency of the microwave electric field, are
detected and amplified directly by the device, but frequencies in the range

< wy S 3w/2 beat with the driving field to produce outputs with frequen-
s from zeroc to /2. The bandwidth for direct detection and amplification
is w/2.

As with most fast photodetectors developed so far, noise data at high
irequencies are not available. Incoherent light modulated at 3Gc was success-
fully detected with an experimental device in its mixing mode of operation.

A disadvantage of this detector lies in the fact that it samples the photon
signal for only one-sixth of each period of the microwave electric field and so
rnust operate at a lower signal-to-noise ratio than a '"full-time'' electrostatic
photomultiplier. Like the other photoemissive devices, it suffers from poor
quantum efficiency at the wavelengths of the most useful laser oscillators.

SOLID-STATE DETECTORS UTILIZING INTERNAL PHOTOEFFECTS

Beyond 1.1 microns where photoermissive devices no longer have
sufficivnt sensitivity, detectors utilizing internal photoeffects must be
employed. Solid-state detectors with detectivities approaching the theoretical
photon noise limit in the wavelength range most likely to be used (0.4 to 4.0
microns) are available as a result of the considerable progress in infrared
technology in the past decade. The objectives of this section are to discuss
the factors which limit the response time of these detectors, to attempt to
evaluate the Jower limit to the response time as determined by material
properties and the state of art in detector fabrication, and tc examine any
possible change in detectivity that may result from design for rapid response.

. There are two internal photoeffects which are the batis of solid-state
detectors operating in the near-intirared range of interest. Ir both cases,
absorption of photons leads to a change in the concentration of iree, mobile
charge carriers within the material. In the first class of detectors, called
"intrinsic, " the energy of an absorbed photon creates an electron-hcle pair,
i.e., the excitation process raises an electron from a valenc:e band state to
a conduction band state and only photons with energies greater than the
intrinsic band gap are effective. The excitation process in the second ciass
of detectors, called "extrinsic,' is the ionization of an impurity center to
produce a free carrier and a charged defect site. The opticil absorption



constant 1n intrinsic materials is large, ranging up to 107 cm-l, whereas in
extrinsic materials it rarely is greater than 10 cm-1, Photogenerated
carriers are therefore confined to much smaller regicrs of intrinsic
detectors.

Of the extrinsic detectors available, p-type gold-doped germanium is
best suited to the near-infrared since its long wavelength cutoff X\, (defined
as the wavelength at which the responsivity decreases to one-half its
maximum value) is 7. 0 microns. Since in extrinsic derectors majority
carriers are generated by the absorbed light, only photoconductive operation
is feasible. The time constant of these detectors, set by the recombination
time for free carriers with ionized impurity sites, is of the order of 1 micro-
second. Tue low-absorption cross section requires a geometrical coniigu-
ration such that the capacity of the detectors is of the order of 20
micromicrofarads and the resistance is 1 megohm. Modulation bandwidths
greater than 1 megacycle are therefore not attainable with an extrinsic
detector without degrading performance severely. It should also be noted
that this detector requires refrigeration and does not achieve optimum
detectivity unless cooled to 60° K (below the temperature of liquid nitrogen).
The same considerations concerning bandwidth are pertinent to all the
extrinsic photoconductors, and those with longer wavelength cutoffs have the
additional disadvantage of requiring even lower temperatures of operation.

The intrinsic detectors useful in the near -infrared can be divided into
“single crystal” and "thin film'" classes for consideration. The latter
inciudes the lead salt series of photoconductors which are available as
cihemically deposited or evaporated thin films in a variety of geometric con-
figurations. Single crystals of these materials have proved difficult to
prepare. The long-wavelength cutoffs of these materials range from 2.5
microns for PbS to 4. 5 microns for PbTe. However, their response times
are very long, ranging from 10 to 1000 microseconds; the shorter times are
available only at the expense of detectivity., The bandwidths required for
laser communications are therefore beyond the capability of this group of
detectors.

There remain intrinsic single crystal detectors which do offer the
possibility of meeting the requirements of a laser receiver system. The
long -wavelength cutoffs of detectors that have been fabricated to operate
over the spectral range of interest are listed in Table 2-5. Where more
than one value appears in the table, each corresponds o a different temper-
ature of operation. Operation of all the detector materials listed depends on
the generation of electron-hole pairs when a photon witn energy greater than
the energy gap between valence and conduction bands s absorbed. Incident
radiation can be monitored by '"counting" the number of electron-hole pairs
generated. The three techniques that have been utilized for the counting
process are illustrated in Figure 2-4. Figure 2-4a represents a detector
operated in the photoconductive (PC) mode. The dashted line represents the
steady-state electron-hole concentration in a uniform btlock of material.

The current that flows in response to an electric field applied between the



TABLE 2-5. LONG-WAVELENGTH CUTOFE FOR VAK.OUS
DETECTOR MATERIALS

Detector Material Long-Wavelength Curcrs, '\o* ’
Si 0.8 '
GaAs 0.9
GaSb 1.5
i
Ge 1.8 !
’ InAs 3.7
InSb 7.3 (300° K)
5.6 (770 K)

* \”\;) is the waveiength at which reponsivity has decayed to one-half its peak

value,

electrodes provides a measure of the free carrier concentration. With
signal photons incident on the detector, an additional concentration of
carriers is set up varying with position in the detector as shown by the solid
curve in the figure. Because of the additional carriers a larger current
flows in the external circuit,

The photoelectromagnetic (PEM) mode of operation is obtained if the
electric field is removed from the photoconductor so that it 1s connected
directly across a load and a magnetic field is applied perpendicular to tae
plane of the figure. Because of the concentration gradient of ¢lectron-hole
pairs produced by the absorbed radiation in the material, carriers drift in
the direction in which radiation is incident. The Lorentz force due to the
magnetic field on the moving carriers deflects the electrons and holes to
opposite electrodes and produces current in the external load. as illustrated
in Figure 2-4b,

. The third mode of operation is the photovoltaic mode i which a p-n
junction is produced immediately behind the surface on which radiatica :s
incident by diffusing a p-type dopant into n-type material (Figure 2-4c). The
generated electron-hole pairs diffuse to the junction under the influence of
the concentration gradients set up in response to the incident radiation. The
electric fields in the junction drive the electrons to the n-sidc and holes to
the p-side of the detector. With zero applied bias an exterrnai photocurrert
can be observed or the detector may be operated with reversc¢ bias in what is
essentially a photoconductive mode.

2-14
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By appropriate control of the fabrication process, it is possible in
some semiconductors to make the transition region between the n and p
regions large or even to arrange that the detector consist of :rree regions:
a thick n-type base region on which there is first a moderately thick
intrinsic region and then a very thin p region at the surface on which radiation
is incident. Such a p-i-n structure has somewhat different responsec time
characteristics when biased in the reverse direction and is particulariy use-
ful for weakly absorbed radiation.

For a more detailed analysis and review of the properties of infrared
detectors see References 2-1 or 2-9.

.CTORS DETERMINING RESPONSE TIME OF PHOTODETZECTOR

The response time of a detector will depend on the mean time
between the generation of excess carriers by light and their cclilection at the
electrodes in PC and PEM cells. The requirement for fast response and
maximum responsivity determines the geometry of the detectcrs. To achieve
the short response times required for laser communications applications
requires very small structures, and since these have been achieved most
successfully in photovoltaic detectors, the preceding remarks will be illus-
trated by a more detailed consideration of such devices.

Consider first the p-n junction cell illustrated in Figure 2-4c. A
shoton flux density F ) is incident on the front surface of the cell giving rise
to an 2xcess concentration of generated electron-hole pairs inside the cell
hat varies with position according to the relation

-ax
n:FO(l-p)ae (2-11)

where p is the reflection coefficient of the semiconductor surface and @ is
the absorption constant for the wavelength of interest. The excess carriers
will diffuse in the concentration gradient created, and the resulting particle
flux density will be given by the diffusion equation

. dn

= - —_ {2 -
\I/n Dn dx ' 12)

Dp is the diffusion constant of the excess minority carriers and in the case
of the p-n junction device illustrated it is the diffusion constant of eciecirons
in the p-type layer adjacent to the surface. It is related to th2 electron
mobility by the Einstein relation D, = p,, kT/q (where k is Boitzmann's
constant, T the absolute temperature, and q the magnitude cf clectron:ic
change). Since particle flux density can also be written as tae product of
concentration and velocity, U, = nv, the velocity is found tc b=

i
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. Dn dn _ | kT .
VE S dx T g kat (2-13)

The response time of the detector may be estimated as the time it would take
for a carrier generated at the surface to diffuse to the junction:

T :.__B—:: __9-_@__ {(2-14;
v kT/.LnQ

where S is the depth of the junction below the irradiated surface. For a
germanium detector at room temperature looking at the 1. 15-micron He-Ne
gas laser line, the parameters have the following values

a ~ 104 cm’1

3900 sz/volt-sec

Fn

T = 300° K

whence it is found that 7 ~ 10-9 second for a junction depth 8 of 10 microns.
It has been tacitly assumed in the above analysis that the diffusion length of
minority carriers in the material is large compared to w, or, stated in
another way, the mean lifetime against recombination is larger than the
transit time 7. If this were not the case, some of the photo-generated
carriers would recombine before reaching the junction and would not con-
tribute to the electrical output of the detector. The electron-hole recombi-
nation time 7, is a function of the impurity content of the material and varies
from a few milliseconds to 10-8 second in most semiconductors. For
materials used in detectors it can generally be assumed that Tq >t and the
corresponding diffusion lengths are larger than the junction depths.

In the example cited the absorption constant was so large (a = 104
cm™") that most of the incident radiation was absorbed within a few microns
of the surface. If technologically possible the junction could be brought to
within 2 microns of the surface with no appreciable loss in signal but at a
considerablf improvement in response: Tt would be reduced by a factor of
5to 2 x10-10 secaond. Alternately, a laser line at a wavelength such that
a were only 103 cm~! could be detected as effectively by the ariginal
detector with a response time of 10-9 second.

The p-I-n form of the photovoltaic detector presents the possibility of
more efficient utilization of the radiation for a more weakly absorbed line.
Thus, suppose the I-region extends from 2 microns below the.surface to i0
microns below the surface. When a large reverse biac is applied across the
detector, essentially the complete voltage drop appears across the intrinsic
region and a line at wavelength such that a = 10_3 cm-~+ generates carriers
throughout the intrinsic region (Figure 2-5). Because the I-region is very



narrow, the electric field intensity for several volts reverse bias will be
of the order of 103 volts/cm or larger. In such fields the average drift
velocity of carriers in a semiconductor increases and eventualiy reaches a
saturation velocity, v,, which in germanium is 6 x 10° cm/sec (Refererces
2-10 through 2-13). Estimating the response time of the detector as the
time required for a 1p}mto~generated carrier to drift across the junction
gives v~ 1.3 x10- 0 second.

It may not be possible to realize the transit time response of the
photovoltaic detector because of resistor-capacitor (RC) limitations encoun-
tered in the circuit in which it is incorporated. A reverse-biased junction
has a capacity determined by the area and width of the junction and the
c“ﬂectric constant of the material:

8.88x 107 % c/a_A
= 2~
C W farad (2-15)
where
¢ = dielectric constant
A = area of junction
W = width of junction in meter-kilogram-second units

The p-1-n junction used for illustrative purposes above would have a capacity
of 1.75 x 103 pf/cmé. Diffused junctions with areas of 2 x 10-% cm® can be
fabricated, at least in germanium (Reference 2-14), and such a junction
would have a capacity of 0. 35 pico-farad. The series resistance of the
n-type base region in such a detector is in the range of 1 to 10 ohms so that
the characteristic RC time of the device is 3.5 x 107}2 second. This will

be degraded if larger load resistors are coupled to the detector.

More detailed analyses of the operation of photovoltaic detectors are
available in the literature. A good review of various modes of photodetector
operation can be found in Reference 2-1. The p-n junction detector is
covered in detail by D. E. Sawyer and R, H, Rediker (Reference 2-15). The
basic work on the p-I-n structure was reported by W. W. Gartner (Reference

). The graded junction diode, which may be regarded as a cross between
t above two, is described by A. G. Jordan and A. G. Milres (Reference
2-17). On the basis of such analyses and the current state of the art with
respect to material preparation and device fabrication, Lucovsky, lLasser,
and Emimons (Reference 2-18) have estimated the 3-db cutoff irequencies of
a variety of photovoltaic detectors for available laser lines ranging from the
6943 A ruby line to the 2. 49 microns U+3:CaFZ line. Their estimates place
the frequency cutoffs between 4. 6 x 109 cps and 7.3 x 1010 cps. They con-
sider Si, Ge, and GaAs operated at room temperature, InAs at 196° K, and
InSb at 77° K.



Detailed reports of operating detectors are rather sparse. The most
complete description of such a detector published (Reference 2-14) describes
a Ge p-I-n junction with a 2. 5-inch thick I-region 0. 006 inch in diameter.
This detector exhibited a pulse rise time of O. 6 nanosecond and detected
beats up to 2 kmc in the output of a pulsed ruby laser.

A point contact p-7 -n diode (Reference 2-19) with a 7 region 5
microns thick and 5 microns in diameter has been used to detect beats up to

936 mc in a He-Ne laser operating at 1. 15 microns ( 7indicates a lightly
doped p region).

Saito et al (Reference 2-20) have used a standard Ge parametric diode
to detect 4-kmc beats from ruby, and l1-kms beats from such a source have
been detected with a silicon p-I-n diode (Reference 2-21). Lucovsky, Lasser,
and Emmons (Reference 2-18) have reported beat measurements to 1.46 kmec
with Ge, Si, GaAs, and InAs photodiodes.

NOISE CONSIDERATIONS IN FAST PHOTOCELLS

Equivalent Circuit of Reverse-Biased Photovoltaic Detector

As noted earlier, the photovoltaic mode of operation will generally
be preferred for very fast detectors because of the relative ease of fabri-
cating structures of the required small dimensions. The current voltage
characteristic of such a detector has been found to be

= =) ﬂy V %
=1, [exp p - 1) -1+ - (2-16)

The first term on the right is the I-V characteristic of a p-n junction in the
dark:; the second term is the additional reverse saturation current due to
optically generated carriers; and the third term represents the current
through the shunt conductance of the diode. When operating into the small
loads required to achieve wide-band performance, the small series resist-
ance rg of the base region must also be taken into account and the constant-
current equivalent circuit of such a detector in the reverse-biased region
with a load R, is as shown in Figure 2-6. Tp is the parallel resultant of the
dynamic resistance,

v,
01 '
F

and the shunt resistance of the diode; C is the diode capacity. The constant-
current generator has a magnitude:
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. dI_ _ sSC - -
1S - (}P,L/\F = -B_IF_AE (&‘17)

. where F is the incident photon flux density. The inductance L is added to the
circuit so that the diode capacitance can be tuned out for operation at higher
frequencies,

The number of carriers created per second is n AF, where 7 is an
overall quantum efficiency, A is the area of the detector, and the current
produced by these carriers is Isc = NqAF (q is the magnitude of the

- electronic charge). The short-circuit current is ig = ngAAF.

. Reverse-bias operation is preferred to photovoltaic operation when
wide bandwidths are sought because rp is higher and C is smaller than in the
latter case.

If the parallel combination of r, and C are lumped together in an
impedance Z, = r_ (1 + jwCr _)-1, ang similarly the load resistor and

~inductance L'in pa?allel are tdeated as an impedance Zy = RL (1 - jRy,/wL)!
ther the rms signal voltage into the amplifier for d photon signal at frequency
wof rms value AF is

ZIir + R_) R
v p S L L
Ng = nAqAF Z +r +R r +R (2-18)
P s L s L

When r_ is small compared to R, , which is generally the case, the
signal bandwidth, defined as the frequency range in which v_ > 0. 707 Vg ,
. . _ -1 S » INax
is given by Af = (27R; C)-1,

‘Noise Equivalent Circuit of Semiconductor Diode

t Three types of noise must be taken into account in treating photo-
diodes.

" . 1) At low frequencies current noise, having a power spectrum given
by
2 _ kil
i, = ——Af (2-19)

usually predominates. However, for most photodiodes fabricated with suffi-
clent care this noise is negligible above a few kilocycles and so may generally
be disregarded in discussing wide-band laser receivers.
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2) The most important source of noise in a paotovoltaic detector is
shot noise caused by the particle nature of the current. It has a flat (up to
frequencies determined by transit time effects) power spectrum given by

. 2 T %
igp = 2qIAf (2-20)

where I is, as before, the average diode current and ¢ is the electronic
change. ’

3} The third source of noise which must be considered is thermal
noise in the various resistive elements in the diode circuit. Since current
noise can be neglected at the anticipated high frequencies of operation, the
noise equivalent circuit of a photodiode can be drawn as in Figure 2-7 with
various current generators having the values:

— 4K T
i% = |2ql + Af
p

——  4KkT
i &= —9 ¢
S r

S
i % = 4KT A¢ (2-21)
L TR,

————

T'he voltage generator e 2 - 4kTR Af represents the amplifier noise in
terms of an equivalent input resistance R_. Tg is the temperature of the
detector, T that of the load.

The rms equivalent input noise voltage to the amplifier is given by

2 2 2 . 2
€5l akT,) |2 |7 |2y 1“1
Anf = |2ql + rp 3 5 + 4de r !;;'2

2 2
aT 2L s t 2]
. + 4kTR

z=rS+ZL+Zp
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By equating ;en[Z to iVsl , an expression for thae minimum detectable
photon flux can be found:

4k T
émizn - A% AF? = Af ('?')q)'Z 2ql + —r—-q‘ + 4kT 1 Zl
P 125l
4T |Tet? |2 Is]?
+ R 8 5 + 4kTR_ 5 >
L |zp| V‘pl lZLI

A considerable simplification results if the idealized case where r

approaches infinity and r  goes to zero is considered. P

. R 2

2 -2 4k T n 1\ &
¢~ = Lf(nq) 2ql + —=— 1+ >+ 4kTR (wC - —
min RL KL, n wL/

In the vicinity of the resonance frequency, w (L.C)'l, the
principal sources of noise are 1) shot noise caused by diode current,
2) thermal noise in the load resistor, and 3) additional noises introduced
by the amplifier. An interesting question to consider is: What diode current
is necessary so that shot noise will be at least as large as the thermal noise
in Ry,? Assuming a 50-ohm load as fairly typical of microwave circuits, it
is found that I ;, = 4kT/2qRp, = 10-3 ampere. If the amplifier makes a

significant contribution to the noise, 1, ;,, is increased by the factor

(1 + Rn/RL) The photon flux necessary to produce this current is

AF = I/nq = 1.3x 10 16 photons/sec for a quantum efficiency of one-half,
This corresponds to an mcxdent power of 2.3 x 10-3 watt at a wavelength of
1. 15 microns and 7. 7 x 10-% watt at 3. 39 microns.

On the other hand, thermal noise in the load leads to a minimum
detectable photon flux

1 [axT 8
(bmin * 7 —RL = 2.3 x 10" photons/sec

for a 1-cps bandwidth. For a 100-mc bandwidth, the minimum detectable
power is 4 x 10-7 watt at 1. 15 microns and 1.4 x 10-7 watt at 3. 39 microns.
The load has been assumed to be at room temperature for these calculations.

The conclusion from the above is that photodicde performance as an
envelope detector will always be limited by thermal noise in the load and
amplifier. This limitation can be overcome in heterodyne operation if a



local oscillator with the power outputs noted above is available. As shown
by Forrester (Reference 2-22) and Oliver (Reference 2-23), both the shot
noise power and the signal power increase in the same proportion as the
local oscillator power is increased. It is therefore possible to achieve a
condition where shot noise is dominant. The price that has to be paid for
this improvement in performance is in the requirement for close alignment
of signal beam and local oscillator beam. Constructive interference between
the two beams can occur only if they are aligned within an angle A8 < a/d,
where X\ is the wavelength of the light and d is the diameter of the collecting
optics.

As an indication of what could be achieved with semiconductor photo-
digmles, the best currently available information concerning dynamic resist-
a and D* for the materials most likely to be used in the visible and
near-infrared has been added to Table 2-6. A word of caution is necessary
in using these numbers. The data reported are from standard infrared
detector evaluation procedures and so are with load resistors that approxi-
mately match the dynamic impedance. In broad-band envelope detection,
thermal noise in the smaller loads required may severely degrade detectivity,
as pointed out above. In heterodyne operation, the listed detectivities may
well be achieved in practice.

Also included in Table 2-6 is an estimate of the longest wavelength
X ¢ at which a particular material may be used to produce fast photodetectors.
This limit is chosen, on the basis of transit time considerations, as that
wavelength for which the optical absorption constant is 1000 cm~! at the
operating temperature of the diode.

To assure optimum electrical characteristics, the material with its
A closest to {but greater than) the laser wavelength being used should be
chosen. Fabrication of such a detector in an appropriate package may still
not be a trivial problem, and in no case have experimental performance
limits (response time, detectivity in wide-band operation) yet been reported.

SUMMARY

P-n or p-I-n junction devices can probably achieve the nighest speeds
*rious modes of operation of solid-state photodetectors, because the
technology for producing structures of the requisite small dimensions 1is
currently available. These devices are especially useful at wavelengths
greater than 1.1 microns where photoemissive devices are rno ionger oper-
ative and quantum efficiencies approaching one can be attained with semi-
conductor detectors. Disadvantages to be considered in their application
are their capacity, which restrict the bandwidth over which they can be
operated, and their small sensitive area. In addition, heterodyne operation
is required to attain optimum sensitivity, and this imposes severe resiric-
tions on the alignment of the signal radiation with respect to the local
oscillator. Detectors operating at longer wavelengths (2 to 4 microns; also
require cooling for maximum detectivity.
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3. LASER TECHNOLOGY

INTRODUCTION

With the development of laser oscillators, it is now possible to
generate coherent radiation at a large number of optical frequencies at con-
siderable power levels. Laser oscillations have been obtained in many dif-
ferent types of materials. The most frequently used materials have been of
the solid state and gaseous type. Laser oscillations have also been obtained
in glasses, optical fibers, liquids, organic materials, and semiconductors.

This section discusses the general characteristics and major types
of laser oscillators.

LASER CHARACTERISTICS

b3
Coherence and Spectral Properties of Lasers

Optical laser beams are thought to be suitable for applications to
communications due to the high degree of temporal and spatial coherence
exhibited by the laser emission. Since the discovery of lasers, the proper-
ties of the laser emission have been studied extensively. Some present know-
ledge of the coherence and spectral properties as well as the detailed structure
of the laser emission that may be of special interest in applications to optical
communications will be discussed.

Usually many modes oscillate simultaneously in an optical resonator.
These modes have different frequencies and different spatial characteristics
so that the use of more than one mode in a specific application may not te
possible. When all the modes except one are suppressed, the power that was
formerly distributed over many modes is concentrated in a single mode. This
mode suppression has been accomplished in a He-Ne gas laser by Kogelnik
and Patel (Reference 3-1). They have suppressed the unwanted iongitudinal
modes without decreasing the gain of the cavity so that the output power is

*See Section 4, Statistical Study of Laser Transmitters for a more detailed
discussion of spectral and stability characteristics.,

3-1



not decreased and is concentrated in a single frequency near tae center of
the doppler-broadened line. Theoretically, when the oscillater sutput cor-
sists of a single longitudinal mode, the light is spatially coherent across the
beam cross section and the collimation of the beam is thus limited by dif-
fraction. The beam spread of the emission of a He-Ne gas laser with 4
milliwatts continuous power in the 1.153 micron line has been observed tc be
almost diffraction limited (Reference 3-2). The line shape consists of three
Or more components less than a few hundred cycles in width and separatec
by the spacing of modes in the interferometer,

The spatial coherence of a beam can be measured by observing the
tar field or multiple slit diffraction patterns while the time coherence is
measured by the spectral line width, The mutual correlation function
between any two points in the beam is given by a combination of these two
efigmats, However, the line width of the emission is not always indicative of
th‘me coherence since the output may consist of unresolved off-axis ancd
axial modes. These off-axis modes have been observed by Ready (Reference
3-3) and many others. In the ruby laser one or more sharp components have
been observed (Reference 3-4) with a spectral width of 6 x 10~4 A, McMurtry
and Siegman (Reference 3-5) have made observations on the output of a ruby
laser that indicate that the line width is about 2 mc. The resonant cavity,
formed by the end faces of the ruby, is able to support many rzsonant fre-
quencies within the atomic line breadth. Adjacent modes are separated by

'about 602 mc¢ in the laser used in this experiment. Photo mixing of the
output produced microwave signals spaced about 600 mc apart showing that
the laser is oscillating in several simultaneous axial modes separated by the

roper frequency interval.

| Interference patterns have been formed by the direct iliumination of
two slits with the light emission from the end face of a ruby. The forma:ion
of interference fringes demonstrates the phase coherence between different
points on the face of the ruby (Reference 3-6). Kisliuk and Walsh have made
beams from the Opposite ends of a ruby laser interfere and have obtained
interference fringes (Reference 3-7). This implies a constant phase relation-
ship between points at different ends of the ruby, the expected result for a
system of standing waves in a cavity. The output of a ruby laser consists of
a series of spikes of about a microsecond duration separated by a micro-
‘lsecond or longer intervals. The distribution of light across the face of the
'Tuby, known to be nonuniform, need not be the same trom spike to spike. if
the gastribution of the light does change, the interference patterr. would
Jchac from spike to spike and observations made over a large number of
,spikes would not show interference fringes. Hence, the existence of fringes
in the experiments of Kisliuk and Walsh imply, in addition to constant phase
relationship, that the distribution of light across the face of the ruby must
be nearly the same for all spikes.

Irregularities of the fringe patterns are also observed, which is con-
sistent with the results of Nelson and Collins who found that the fringe pat-
terns were displaced. Both these observations are accounted for by assuming
a slight phase difference between spatially separated points on :the ruby izce.



The spectral purity of the emission of gas lasers is much greater
than that of the ruby output. Javan et. al. (Reference 3-8) have found the
intrinsic line width of & He-Ne gas laser to be not larg:r than 2 c¢cps. The
theoretical limit of the narrowness of the spectral lines is a consequence of
a certain unavoidable amount of spontaneous emission. The measured line
width, even though extremely small, is still several orders of magznitude
greater than the theoretical limit. It should be emphasized, however, that
this greater degree of monochromaticity of the gas laser does not mean that
gas lasers necessarily possess a clear advantage over pulsed lasers for the
purposes of communication. Present modulation techniques cannot make use
of a fraction of the potential bandwidth available at optical frequencies, and
spectral purity is not the onlyfactor to be considered in a communications
system.

The filamentary nature of the emission of ruby lasers has been fre-
quently observed. High speed photographs (Reference 3-9) of the emission
patterns have been made which show that light is emitted in a pattern of
small spots on the ruby face, and that the emission pattern does not change
much during the pumping pulse. This is in agreement with deductions made
from the observation of interference fringes discussed above. In addition,
streak photographs of sufficient resolution to show the structure of a single
laser spike were made. They show that within each spike is a regular oscil-
lation of about 50 mc, and that each emitting area of the ruby produces a
spike with the same 50 mc oscillation on it, with the oscillations sometimes
out of phase.

Power and Operating Characteristics

Optical masers are presently limited to either high-power pulsed
operation or rclatively low-power continuous operation, and the power
efficiencies of these coherent optical frequency sources, with the exception
of the Ga As lasers, are still very low (less than 1 percent). What is needed
is 2 modcrately cfficient, medium-power continuous source, or perhaps a
high-power, efficient, pulsed source with a high-duty cycle. There is pres-
ently a considerable effort towards developing sources with these capabilities;
Hughes Research Laboratory at Malibu, California and R.C. A, Laboratory
at Princeton, New Jersey, are presently concerned with the development of
10 watt continuous solid-state lasers of improved efficiency. The achieve-
ment of high-duty cycles requires flash tubes capable of repetitive high-power
operation and the maintenance of low temperatures in the laser crystal.

Since the power dissipated in the crystal is of the order of the power output,
and efficient operation of the laser requires low temperatures, cooling the
crystal is not a minor problem. The problems of repetitive pulsing wili not
be discussed, but some features of the single-pulse operation of pulsed lasers
and, in particular, the giant pulse mode of operation wil! be considered.

In the usual pulsed operation of a ruby laser and other solid-state
lasers, the output consists of a series of microsecond duration spikes spaced
several microseconds apart. The individual spikes have a peak nower of the
order of a few kilowatts and the total energy in the series of spikes is about
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a joule. The spikes or oscillations continue so long as the inpu. power is
kbove the threshold for oscillation. Usually the ruby is pumped Ly flash
lamps in pulses about a millisecond long.

‘ In normal laser operation, oscillation occurs when the gain of the
1cavity exceeds the losses by a small amount. The stimulated emission
causes an increased radiation density in the cavity and a subsequent depletion
of the population of the excited metastable state. The population of the excited
state is then decreased more rapidly than it is replenished by the pump
photons., When the population of excited states is reduced below the critical
number required to provide net gain in the cavity, the oscillaticn subsides,
This is a rough description of the production of a single laser spike. Con-
tinued purmping repopulates the metastable state and the process is repeated
as lgng as the pumping energy is sufficiently high to obtain a net gain in the

ca . The spiking is not periodic even when the pumping energy is essen-
tially constant. That is, there are variations in the amplitude and spacing

of the laser spikes within a single pulse. There have been numerous explana-
tions for the spiking phenomena, none of which seem to completely resolve
the problem. It was originally thought that the spiking was a damped oscil-
lation and would decay when the ruby was operated continuously. This has
proved not to be the case, since in the CW operation of a ruby laser the

spikes have been observed to persist with essentially the same characteris-
tics that are observed in pulsed operation. Both damped spiking and continued

undamped spiking have been observed in other solid-state lasers that have
operated CW. (Ca Fp: Dy2+, Ca WOy4: Nd3+, Ca Fp: U3t)

The output of a giant pulse ruby laser consists typically of a single
‘high-power short-duration burst of coherent radiation. These pulses are
about 10-8 seconds or longer, and peak powers of the order of megawatts
are easily obtained when proper switching techniques are used. A single
pulse occurs only for special switching conditions on the power regeneration
to the cavity, and the output often consists of a large pulse followed by several
low-power pulses. The giant pulse mode of operation is achieved by varying
the power regeneration to the cavity, which is equivalent to varying the Q of
the resonating cavity.

To obtain giant pulses, a ruby laser contained in an optical cavity of
very high loss is pumped. This can be arranged by making the reflection
losses of the cavity very large. A large population inversion in tne ruby to
,ob net gain and laser oscillation in the cavity is then required. When &
ylal"!population inversion is obtained and before oscillation takes place, the

reflection losses are decreased, producing a situation where the normal
threshold conditions for oscillation are greatly exceeded. When the switch-
ing of the power regeneration is sufficiently fast, a single short-duration
high-power pulse is produced. The detailed structure of the puise is governed
by some fairly complicated laser dynamics and line broadening effects that
are not fully understood. However, many of the gross features of the pulse
structure are understood. It is known that the pulse shape is sensitive to the
cavity Q switching time and that for sufficiently slow switching several low-
power pulses follow the initial intense pulse. McClung and Heliwarth
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(Reference 3-10) have investigated the effect of the switcning rate on the pulse
power as a function of time, and they have also studied the effect of the
switching rate on the spectrum of the emitted radiation. The pulses of
shortest duration have the broadest spectrum. The spectral width of the K,
ruby line of the giant pulse is broader than the line width for normal laser
operation, and the beam width of the giant pulse is esscntially the same as
for normal lasers, 1. 3., about a milliradian.

In principle the energy output per pulse per unit volume of laser
material should be about 1/2 hv (u,~p,) where hvis the energy per photon and
M5-M, 18 the population inversion density. For pink ruby and an initial inver-
sion of 50 percent, about one joule output per cubic centimeter of ruby is
expected. The observed output of the giant pulses are far less than the
expected results. Apart from the discrepancies between theoretical and
experimental energy emission, there are basic limitations in the energy per
pulse that can be obtained from a single ruby laser. In principle it is impos-
sible to achieve a high initial inversion over arbitrarily large dimensions,
limiting the size of the ruby that may be used effectively. For example, if a
very long ruby is used, a high inversion will be achieved in the central por-
tion and not in the ends. Hence, only the middle of the ruby will participate
in"the laser action. The depumping of the ends is caused by spontaneous
emission from the ends undergoing a large gain as it passes the length of the
ruby. When the ruby is long enough the inversion at :he ends is depleted in
a manner independent of the reflection from the end faces of the ruby or
cavity.

The threshold for laser operation is determined ty the minimum gain
necessary to overcome the loss mechanisms existing in a given cavity. In
turn, the gain is directly related to the energy or power extracted from the
source. Hence, the threshold is measured in joules or watts, according to
the mode of operation.

Since devices vary widely in size and configuration it is difficult to
make meaningful comparisons between reported threshold values. Doping,
pump source, coupling, reflectivity, crystal size, operating temperature,
and other facto.s all have a considerable effect on the threshold. Generally,
it increases with doping, crystal size, and operating temperature, while it
decreases with increased reflectivity.

There are a number of different efficiencies that can be defined for
lasers, but generally the one cited is the net convers.on efficiency (source
input power to laser output). However, there are two factors which set a
limit on the net conversion efficiency and these factors are characteristic
of the laser medium,

Quantum efficiency is the probability that an atom in one of the pump
band states will make the transition to the terminal state via the laser transi-
tion. In general there is a finite possibility that the atcri will mae the
transition by reradiating the pumping radiation. The other himiting mechanism
is the energetic efficiency which is defined as the ration of the laser transition
photon energy to the pumping transition photon energy (iocr optical pumping}.
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Generally, the quantum efficiency is ~ 70 percent while tie energetic
:fficiency may be as low as 10 percent. The product of these two sets 2
heoretical limit on the net conversion efficiency of any device ifat may be
constructed.

The doping or concentration (nurnber/cm3 or percent by weight)
Hetermines the maximum energy which can be stored in a unit vo.ume since
each atom can store an amount of energy hv . The energy storage capacity
can be increased by increasing the doping, but at the same time, the energy
required to obtain equal populations will also increase, resulting in higher
thresholds. Also, the power required for CW operation will increase since
the power loss per unit volume due to spontaneous decay is directly propor-
tional to the number of atoms in the excited state. For these reasons, it
ihas n found advantageous to use dopings of less than 1 percent.

Properties of CW Lasers

Laser action on a continuous or quasi-continuous basis has been
demonstrated in various types of active media such as solid state dielectrics,
semiconductors, and gases. Some of the presently available media are
listed in Table 3-1, along with other properties basic to the laser action
itself, without regard to par:icular devices. Itis seen that a wide variety of
frequencies, conversion effiziencies, and pumping characteristics is
available.

Characteristics of particular devices which have been successfally
operated are given in Table 3-2. ‘

SOLID-STATE LASERS

Properties of Solid-State Lasers

Solid-state lasers are usually excited by broad-band absorption of
optical irequency radiation. A fast nonradiative transition then populates
sharp fluorescence levels. When a sufficient population of excited states is
obtained, stimulated emission takes place with the subsequent emission of
coherent narrow bearn radiation.

» ‘ When the terminal level of the radiative transition is the ground state,
the optical maser is called ¢ three-level system. Ruby is an example of a
three-level laser, In four-level lasers, the terminal level lies above the
ground state. Almost all solid-state lasers are of the four-levei type. To
obtain maser oscillation in & three-level system, a slight inversion of the
excited and ground states is necessary, and to maintain the inversion, at
least as much power must be supplied to the cavity as is lost by spontaneous
decay of the upper level and the nonradiative transition. The power emitted
by spontaneous decay is prooyortional to the number of excited states and,
since in a three-level systern the number of excited states required tor oscil-
lation is more than half the wumber of dope-ions, it takes a large input power
to maintain the oscillation.
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In a four-level system when the terminal level is far enough above the
ground state, its population will be negligible. It then requires a corres-
pondingly smaller population in the excited state to obta:n maser oscillation.
The power lost to spontaneous decay will then be less with the consequence
that the threshold for oscillation can be relatively smail. Cther factors such
as narrow absorption band, low quantum efficiency, and scattering of radia-
tion also influence the threshold for maser oscillation.

Pulse Operation

The power output of solid-state lasers is usually obtained in the form
of pulses. In this type of operation, the laser is usually irradiated for a
short period of time with a broad-band optical source. In the experiments
with ruby performed by Maiman, et al (Reference 3-11), the excitation
light from a flash lamp is appreciable for times of the order of millisecond.
The stimulated emission lasts for some fraction of that time. The emitted
pulse of radiation is not smooth; it consists of spikes or oscillations occur-
ring with a frequency that depends on the instantaneous intensity of the flash
tube light and doping density. The amplitude of the spikes is somewhat
erratic, and the average frequency of the spikes is about 2 x 106 cps and the
length of the whole pulse is about 0.5 millisecond. Hence there are about
two or three hundred oscillations inasingle pulse. The largest peak power
obtained in the experiments was 5 kilowatts with an energy of nearly a joule
in the pulse.

Divalent and trivalent rare earths in suitable host materials generally
satisfy the characteristics necessary for maser action. Trivalent uranium
in several different hosts have also been made to laser. Table 3-3 is a
partial summary of solid-state materials that have produced laser emission
and a tabulation of some of the characteristics of their operation. The
pulsed operation of the four-level systems is essentiaily the same as that
described for ruby. The four-level masers tend to be more sensitive to
temperature, since to obtain efficient operation, the terminal level often has
to be depopulated by cooling. As in ruby, the output consists of spikes in the
main pulse. These oscillations often appear strongly damped in contrast to
ruby where no damping has been observed. In one case (Ca Fj: Dyt?) there
appears to have becn critical damping of the oscillations, as they were not
detected (Reference 3-12). Usually the frequency of the oscillations is
fairly constant with some fluctuations of the amplitude. A pulse that con-
sists of very regular damped oscillations has been observed (Reference 3-13)
in Ca WOy4: Ndt+, but because of the narrow absorption band this laser does
not seem suited for high power operation. Threshold energy for pulse opera-
tion is generally much lower than the 800 joule threshold in ruby. At low
temperatures, threshold energies of the order of a few joules have been
observed in several different maser systems (Table 3-1).

The threshold energy is sensitive to changes in temperature. The
dependence of threshold for maser action in Ca F,: U3 has been measured
by Boyd, et al (Reference 3-14). The flash lamp enerygy required to obtain
maser oscillation was: 20 joules at 20°K, 3.78 joules at 77°K, 4,35 joules at

3-9



A81dus sm”md
samofl 000z 06 8¢
Hitm 31 00¢ 3% uony LL 2¢ 7
€2~ “EIII2SO Iaseur ON 02~ 8 LOV "2 14 ped i AIS
L-€ LL 08 950 1 b L PN Cd D
(4N 4 0s 681°1 4 2
22-¢ rAN 4 0% 9111 € ML T A®D
1amod
ysely proysaiyjy
sizem g5 ‘“indino
6-¢ nem g o ‘3,L2 LL 1 2
‘2-¢ |uonjerado snonunuon 14 1°0 9¢ "2 b yRafaeo
0¢ S 80L°0 1 4 +NEm nm,m ®D
1omod 00€ 0021
YS®eQJ proysaiyl 06 RN 4
s1em 0021 ‘M.l LL 8L"¢€ 4
p-¢ uoryerado snonuruon 02 0°? €197 1 4 +mD " qed
pIoysatyy
1amod ysery
8-¢ S1eMm 048 M, LL z
‘01-¢ uotjerado snonurjuon Ll 669 €$69 0 ¢ PPiok v
9ouaiajay SYIBRWIY M. sanof suoIdTW 19491 TR1I93BN
‘eanjeiadway |‘dumg yserq [‘yiBuareary |‘adLp
03 A3xauqg
PToysaxyyg,

m&mma dLVLIS-dITOS A0 SATLYAJOUd “€-¢ A9V

L

3-10




LL Gql 66€0°1 b ¢
LL €6 €90 °1 14 kmvz R |
LL oL~ Lvo 1 174 +mp& “vCoEMm
00¢ YAt b
G2-¢ LL (4% P90 1 14 +va OO 1S
2-¢ LL 008 219°1 ¢ +mum "vO\s. €D
z-¢ LL 00¢ 9%0°2 b 4 ¢OH TOM®D
pe-¢ LL YA 116°1 14 +mEH "vO>> €D
2-¢ LL 0L 89F0°1 14 +m.~nH “vO\SmU
1amod ysey
s1eMm 0071 "M.98 ~ 00¢ S b
¢-¢ UOT3EI2U0C SHiIOIUIING ) il ¢ £30°1 i +mvz TOMTED
aoudI9JdYy syI1eway > sanofl SUOJIDT W 19491 TetIalep
‘oanjex mmEmP ‘duing yselq |‘Uyiduajenepm | ‘odA
01 A3x0uqg
piouysaayg,

(ponurnjuod) ¢-¢ FIGV.L

3-11



90° K, and about 300° K. Temperature dependence of the threshold energy has
also been observed for most of the other materials.

The nonradiative transition results in absorption of energy by the
crystal lattice, and hence in continuous high power operation there will be a
large amount of energy transferred to the crystal lattice. Maintaining con-
stant temperature under these conditions presents a difficult cooling problem.
Heat transfer from the maser material will probably be of practical impor-
tance in attaining high power repetitive pulsing in solid state materials.

Giant Pulse Operation

, In normal pulsed operation, oscillations begin as soon as a critical
inversion is achieved, that is, as soon as the single pass gain exceeds the
single pass loss. Oscillation may be postponed by making reflection losses
very large and if the ruby is strongly excited a high inversion can be estab-
lished. A Kerr cell switching technique has been used to decrease the cavity
loss suddenly. Consequently, there is inversion far above threshold with the

. consequence that the energy in the cavity is dumped in a very short high
"power pulse. McClung and Hellwarth (Reference 3-15) have obtained peak

output powers of 600 kilowatts with a pulse duration of 12 microseconds.
More recently, Woodbury (Reference 3-16) using a slightly different arrarge-

ment has measured peak powers of 20 megawatts of pulse duration 7 x 10-9
seconds.

In principle, one can control the length and power in a single pulse of
this type. The power out would be roughly inversely proportional to the pulse
duration. There is a limit to the peak power obtainable, which is set by the
maximum energy that can be stored in the ruby and the minimum time it takes
to dump it. This time cannot be less than the time it takes a photon to trav-
erse the length of the cavity several times.

Ruby is especially well suited to the giant pulse mode of operation
because of the relatively long lifetime of the fluorescence levei.

Continuous Operation

In continuous operation of four-level solid-state materials, the oscil-
la.s that are characteristic of the pulsed mode are damped out in times
less than a few milliseconds, or they have not been observed at all because
of inadequate time resolution of the detecting device. This is in contrast to
ruby where the oscillations persist with a fairly regular frequency and a
large slightly erratic amplitude. The characteristics of the oscillations are
gimilar to those observed in the pulse mode of operation.

Continuous power output has been obtained with several different
maser materials. The system Ca Fp: U3t has operated continuously at 77°K
(Reference 3-14) with output power of 10 microwatts. Threshold for continu-

ous oscillation is 1200 watts and maser action occurs at a wavelength or
2.613.



Trivalent neodymiwm in host material Ca WO, has Lascered continu-
ously at 777K with 1300 watts {lash tube power (Reference 35-17) and output of
I milliwatt at 1.065 microns. The system Ca Fp: Dy++ has also been made
to oscillate continuously (Reference 3-12). In the {irst reported operation,
the output was about 2 milliwatts at 2.45 microns. At 27 K the threshold for
continuous operation was 600 watts electrical input to the lamp.

Continuous operation has also been attained in a ruby optical maser
(Reference 3-18) with the maser oscillation at 0.6943 micron. The threshold
for oscillation at 77 K was 850 watts supplied to a short arc high-pressure
mercury lamp. At an input power 950 watts, the maser beam produced 4
milliwatts of power, and as mentioned above consisted of undamped
vscillations,

. It has been reported recently that threshold for continuous operation
with Ca Fp: Dy't has been reduced to 50 watts using a tungsten lamp as the
pump (Reference 3-19). Using a | kilowatt tungsten lamp, continuous power
of about 1/2 watt has been obtained. The power is concentrated in a single
mode when operated at liquid Ne temperature and power efficiency with
respect to energy absorbed by the material of about 1| percent. Considerably
higher powers are expected with improved cooling and optimized crystal
geometry. It is clear that Ca Fp: Dy++ is presently one of the most promis-
ing materials for high power continuous output.

Ruby is another material that at least theoretically should be capable
of high continuous power output (Reference 3-20). The development of a 10-
watt continuous ruby laser has been proposed, and theoretical considerations
indicate that this shou'd be possible without any radically new technological
developments. Efficiencies of about 1 percent are anticipated. So far, rela-
tively little effort has gone into obtaining high efficiency, high continuous
power, or high power repetitive pulsing. As a result, perhaps, efficiencies
reported in the literature are less than | percent atre usually less than
0.1 percent. There does not appear to be a basic limitation that would pre-
vent substantial increzses in efficiency in the normal course of the develop-
ment of laser technology. Townes has speculated that efficiencies of 10 or 20
percent arc possible. (Reference 3-21).

Related to the nroblem of efficiency is the production of high power,
or more preciscly high continuous or quasi-continuous power. As discussed
above, it is presently possible to obtain very high power pulses of short
duration. However, the rate at which these pulses may be repeated is pres-
ently limited by the power capabilities of the excitation source and by heating
of the ruby and optical elements in the system. The attainment of high power
repetitive pulses or centinuous power output depends, among other things, on
the development of higher cfficiencies, adequate cooling techniques, and
improved excitation scurces.
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Svectral Characteristics

Optical maser oscillations have been obtained in the range 0.6943 to
2.613 microns. The output exhlblts spacial and time coherence with bearn
angles that are typically about 10-2 radians. There is presentiy not much
information in the literature about the line width and frequency stability of the
output of solid-state materials with the exception of ruby.

In ruby the spectral width of the light output appears to be set by the
0.5 microsecond interval between spikes as the measured bandwidth of (ke
mission from a single spike is about 2 mc.

WL 1.
i £

When the spectral distribution of the radiation from a nu’nb“‘ of
b’es was measured, a bandwidth of 20 mc was obtained, which showed that
thCre was no coherence between successive pikes. It has been observed that

the ruby oscillates simultaneously in a number of axial modes (Reference
3-22). There is evidence of spacial coherence over the end face of the ruby
of the order of 100 wavelengths (Reference 3-23).

The {requency of the ruby line is temperature dependen: which indi-
cates thermal tuning is possible. Measurements of the temperature
dependence of the frequency of the R} ruby line show that the change of
wavelength with temperature is 0.065 R/deg (Reference 3-24). Because the
spectral width is of this order, good temperature control is necessary ior
frequency stability,

R uby Laiifﬁ

The normal emission from a ruby laser typically consists of a pulse
of duration of the order of a millisecond, the pulse duration being established
oy the length of time a flash tube emits sufficient pumping intensity to main-
tain the oscillation in the cavity. This millisecond pulse is made up of
narrow spikes that occur, with what appears to be a somewhat random f{re-
quency and amplitude. The spikes are often about a microsecond duration
and successive spikes are usually separated by several microseconds or
more. For most methods of modulation this signal is not suitable as a car-
rier in an optical communication channel. The envelope of the emission is
not predictable and seconcly, the presently possible duty cycles are too low
t'i\fe adequate average powers.

The causes of the spiking are beginning to be understoocd. Recently a
regular damped oscillation has been obtained by a mode selection technique,
which will be discussed later. Further, a truly periodic osciliation has been
obtained in a confocal ruby rod; more precisely, the spiking is periodic during
the short interval that the pump intensity is constant. Presumably, if these
techniques can be employed in continuous operation, a constant amplitude
cmission would be obtained in the first case and a periodic oscillation in the
scecond. Both of these types of emission would provide a suitable carrier
signal. However, there has been only one report of CW ruby operation and
this vmission has been lovv power (several milliwatts) and disp.ays the




undamped irrcgular spiking of the type usually observed in the pulse oper-
ation of ruby. The ditficulty in obtaining CW operatior. is connected with the
high threshold pump powcer intensity required in three-level lasers, Never-
theless ruby still has many properties that make it attractive for high average
power operation and there has been considerable optimism on the attainment
of CW power of from 1 to 10 watts,

One of the essential problems associated with CW operation of ruby.
as well as other solid materials including glass and semiconductors, is the
transfer of energy dissipated in the material during oscillation. In solia-
state lasers, for output powers of a watt, more than a watt will be dissipated
in the crystal and therefore the crystal must be cooled to continue maser
action. The cocling of the crystal and the development of excitation sources
capable of maintaining the high intensity pump light necessary for maser
oscillation are considered to be the major problems in the development of
high-power, solid-state CW lasers.

Observations of Damped and Periodic Spiking

The undamped oscillation of the laser emission from ruby and solid
materials in general is now thought to be connected with the fact that oscil-
lation can occur simultaneously in many modes. Single mode operation has
seen obtained (References 3-25 and 3-26) in a traveling-wave maser of the
type shown In Figure 3-1. Experimental results showed that when the optical
isolator was removed from the system the usual irregular spiking occurred.
When the optical isolator is used to suppress unwanted modes, a regular
damped oscillation is obtained. Off-axis modes are not suppressed by the
isolator and it is believed that irregularities in the emission observed at
high pumping power are caused by the excitation of these modes.

A periodic output has been obtained using ruby rods with confocal
reflectors (Figure 3-2). No damping of the spikes was detectable within the
duration of the pumping time. Beam divergence for confocal resonators are
greater than for Fabry-Perot type, the divergence depending on the radius
of curvature of the end focus relative to the crystal length. This behavior
1s quite different than that observed by Johnson in experiments with Nd 30

CaWO,, where spiking was suppressed when confocal geometry and high pump
powers were empioyed.

Recently laser operation has been obtained in & ruby ring (References
3-27 and 3-28). The emission consists of a regular damped oscillation
similar to that obtained by Tang et al (Refercnce 3-25) with the traveling-
wave laser except that damping occurs much faster in the ring geometry than
in the traveling-wave laser. The difference in damping can be explained by
assuming a very high Q for the ring laser; this assumption is consistent with
the small losses that occur with total internal reflectior.

The line width of ruby operated in the normal pulsed manner has been
found to be 2 megacycles which corresponded to the laser spikes in this
experiment of 0. 5 microsecond duration (Reference 3-29). If the line width



is set by the width of the spikes a further narrowing of the stimulated emis-
sion line when the spiking is damped out is expected. Unfortunazely no
experimental data on the spectral and directionality properties c¢f damped
oscillatory ruby emission exist in the published literature.

Dynamics of LLaser Emission

The dynamical equations, first proposed by Statz and de Mars (Ref-
erence 3-30), that have been partially successful in describing the transient
and time-independent operation of rubies and other solid and gaseous lasers
will be considered. The equations governing the laser system are:

| £2 P
dp - I £ -
I CCT(;.LZ ) K1) f t (3-1)
du 5 g2
& T T oMk s grE) P Wy - A, (3-2)

where ¢ is the photon density of the coherent radiation in the cavity, The
population densities of the upper and terminal laser levels and the ground
state are given by K, K], and u, respectively, Losses in the cavity are
accounted for by the decay time tj, the increase in photon density in the
cavity and depopulation of the excited level pn due to stimulated emission is
given by the first terms on the right-hand side of Equations 3-1 and 3-2
respectively, where o is the cross section for stimulated emission, and g1
and g, are factors that account for degeneracy in the levels 2 and 1. The
probability of spontaneous decay per unit time for the level u is denoted by
A, and W is the probability per unit time for the excitation by pump radiation.
For a Lorentzian line shape and for transitions induced by a perfectly mono-
chromatic signal, the cross section for stimulated emission is given by

CZ
o = ' (3-3)
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- where Av is the full width &t half maximum of the fluorescence line. A sche-
matic diagram showing the relevant transitions is shown in Figure 3-3. These
equations are a starting point for understanding some of the more important
properties of solid and gaseous lasers.

Modulation with External Electric Field

The emission of a ruby laser has been modulated by appiying an
external electric field parailel to the c-axis of the ruby (Reference 3-315.
The effect of the electric ficld is to change the line shape of the fluorescence




and thus change the iaser dynamics. The threshold for laser osciliation is
obtained by requiring that dp/dt 2 0 in Equation 3-1, This is satisfied if

1
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where we have neglected the degeneracy factors g;  and 2.
With Fquation 3-3, the relation
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which gives the oscillation threshold, is obtained. By changing the line shape
(.'+ for example), the threshold for oscillation is changed and more generally
the dynamics of the laser will change if o is caused to vary by the application
of an electric field or any other means as seen in Equation 3-4, The results
of applying a 40 kv/cm electric field at 10% cps to a puised ruby laser are
quite striking. Figure 3-4 shows an oscillogram of the emission as given in
Reference 3-31.

The ruby output is changed drastically by the application of the ac
clectric field. The normal irregular oscillations of the ruby now appear as
approximately constant amplitude spikes appearing periodically with twice
the 105 cps frequency as the applied electric field and with increased peak
power in each spike. The rise of each periodic spike is very sharp (consid-
erably less than a microsecond). The periodicity, the fast rise of the spike
and the increased intensity of the spiking, can be explained with the aid of
Equations 3-1 and 3-2.

Response Time of Ruby laser

For the ruby, a three-level laser system, these equations can be
written

.3_;;: = qup - Y”_ (3-5)
L
% = - 2¢pp - (Wt A)p + (W-A) N (2.6)
where ;. = . 2 - & is the population difference between excited and ground
states and N = g1 t 2 is the number density of chromium ions, and

def
C =

c¢o. The values of ¢ and u, for which time independent operation can
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occur, are the singular points of this system of equations and are determined
by setting d - /dt and d;: /dt simultancously equal to zers and are thus given
by the solutions of

...... 3 0
IL,, - m— -
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- COf - (W + A) i+t (W - AYN =0 (3-7)

where the singular points are denoted by £ and ..,

Thus
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1s the threshold pump transition probability per unit time for laser oscilla-
tion. Equation 3-8 gives the value of the population density differences for
which the cavity has zero gain; this is the threshold pepulation inversion for
laser oscillation. mxpanding the right-hand side of Equations 3-5 and 3-6 in a
power series about the singular point (7, ;7) and neglecting higher order
terms in ¢p = £ -7 and oL = £ -, the set of linearized dynamical equa-
tions is obtained '
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(__;.ﬁ. = ol

dt Gpom
éd’tL 2 - 20DAs - (24F W 4+ A) S (3-11)

The characteristic cquation of the system (Equation 3-11) is
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or

P
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The general solution of Elquation 3-11 is

>\1t >\2t
Ap = aj e t ase

where \]. Xy are roots of Equation 3-12 and aj; and ap are arbitrary con-
stants. For typical valucs of the parameters g, tj,, W, A and N the roots
of Equation 3-12 will be complex with negative real part (the real part is
always negative since q, p» W,and A are never negative). This gives a
daggped oscillation around the singular point (7, K ) which is then a stable
fo‘) of the oscillation. When the damping is small the oscillation frequency
is

w = 202}15

or with Equations 3-8 and -9

£
I
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where we have neglected unity compared with o Nty , which is a valid approxi-
mation in ruby. Thus w as given by Equation 3-13is the frequency of
“smali’ oscillations of the output of the ruby laser. The frequency of spiking
observed in many experiments and the frequency given by Equation 3-13 are
11 reasonable agreement, but the expected damping as predicted by the solu-
tions of the linearized equations is not observed in normal pulsed laser oper-
ation or in the single case cf CW operation; however, it has been observed in
ruby for single mode oscillation.,

Under usual conditions w/2x is of the order of megacycle and Equa-
tion 3-13 shows that since a and A are constants for a given material and N
cannot be increased beyond certain limits, thatw is essentially limited by
the pump intensity obtainable in the ruby. It would be difficult, even under
the best circumstances, to obtain w/27 exceeding 10 megacycles., The laser
sy’n is unable to respond to changes of the electric field, or any internal
pertlrbation greater than the natural frequency of the system; these obser-
vations show that the system is limited to internal modulation frequencies
in ruby of the order of a megacycle,

Figure 3-4 shows thet in the modulated signal there is a noticeable
sharpening of the leading edje of the spikes and an increase in intensity of
the spikes. These effects are caused by establishing a population in excess
of what would be the normal inversion in the excited state. Generally, the



effects of time variation of the electric field result in wn unusualily large gain
in the ruby, giving a large dp/dt or a fast rise of the ernission, and an
Increase in peak intensity. In fact, the modulated signa’ that results from
the periodic variation of the electric field is equivalent o a periocic Q
switching of the cavity, with the difference that here a variation of a ruby
parameter (the cross section for stimulated emission) rather than a cavity
parameter occurs,

Pulse Position Modulation

The sharpness of the leading edge of the spikes theoretically makes
the ruby emission suitable for pulse position modulation. Because of the
sharp leading edge a sufficiently fast detector would be able to distinguish
between the arrival of spikes that differ by small time increments. The
pulses are triggered by an electric field E < E ; there will then be a delay
At for the radiation density to build up in the cacvity followed by the fast rise
to peak intensity as shown in Figure 3-5, Byasuitable time variation of
the electric field (in general, not periodic) the pulses could be triggered at.
specified irregular intervals. In order to obtain sharp, high-intensity spikes
the electric field must change a significant amount during the build-up time
of the radiation density in the cavity, which is the familiar switching require-
ment for Q switched lasers (giant pulse). As previously noted, the spikes
cannot be spaced less than 2n/w second apart where w is the natural oscil-
lation frequency of the laser given by Equation 3-13. The fact that one is
limited in the rate at which spikes can be produced can be seen qualitatively
without referring to the lineratized oscillation equations. When the radiation
density becomes very large, the population inversion is driven below the
threshold for oscillation, and the laser spike decays. A time interval that
depends on the pumping intensity is needed to reestablish the critical inver-
sion. When the critical inversion is reached, a time t is required for the
radiation density to build up and the process is then repeated. These effects
combine to limit the spiking period to a time of the order of 2n/w.

A pulse position modulation scheme using a GaAs iaser as the source
has been considered in a previous report (Reference 3-32), where some of
the merits of pulse position modulation were discussed. A few of the simpler
features of essentially the same modulation method with the ruby laser as the
coherent radiation source are considered. The minimum sampling period of
a signal waveform is set by the natural frequency of the spiking of the ruby_8
laser which is the order of a microsecond. A rise time of the spikes of 10
second is assumed 30 about 100 distinguishable positions could be obtained in a
sampling interval.* Under these conditions the relative position in a sampiling
interval can be made a function of the amplitude of the sampled waveform
(see Figure 3-6).

*In Reference 3-32 the sampling period and the number of resolution elements
(distinguishable positions) was set by the frequency with which the pulses
could be, repeated aig the duration or rise of a single pulse. The estimates
were 10 pps of ~10 7 second duration. The number of resolution elements
was then taken to be 100,
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The information per sampling interval is 1 - 02 /T, and the
information rate is 1/7T -n2 T/ZT. Because of the diffc rence in sampling
interval assumed here and for GaAs in Reference 3-9. 1he information rate
obtained for the pulsced GaAs laser is better by a factor of 10 than the ruby
laser. A comparison of the lasers is not being made here since the merits
of the two should be considered in the context of the system in which they
would be used. Furthermore, the performance assumed for both GaAs and
ruby has not been realized and it is not known what their future performances
will be, especially in regard to continuous or average power,

Giant Pulsing

A particular internal modulation method has been discussed w here
an electric ficld parallel to the c-axis of a ruby causes a change in the line
shape of the fluorescence. This change has the effect of changing the internal
gain of the ruby, making it possible to control the intensity and position in
time of the spikes. It was noted that the very fast rise of these modulated
spikes might make ‘he controlied spiking output suitable as a carrier signal
for pulse position modulation,

The characteristics of the spikes, that is, the control of the time of
spiking, the increase in intensity, and the fast rise of the spikes are typical
of any giant pulse mode of operation. For example, the first giant pulse
operation of ruby was obtained by switching a Kerr cel! which effectively
varied the reflectivity of the cavity in a time that was small compared with
the build-up time of the radiation in the cavity (Reference 3-33). A single
spike was obtained that had all the characteristics of the spikes shown in
Figure 3-4 for the ruby perturbed by an external electric ficld, In principle,
SuUccessive giant pulses similar to those shown in Figure 3-4 may be obtained
by repeated switchirg of a Kerr cell or another Q switching method,

There is an additional method of va rying the internal gain of a ruby
that results in repetitive controlled pulses., A laser oscillation similar to
the one shown in Figure 3-4 has been obtained by applying a time varying
magnetic field to the ruby (Reference 3-34),  Zeeman splitting of the R line
by ‘an inhomogeneous field causes a broadening of the fluorescence line with a
resulting control ove r the gain of the ruby. The experiments were performed
at 77’ K and the input ¢nergy to the flash lamp was about 1.4 times threshold.

The magnetic field required to modulate the signal c¢ifectively goes up
significantly with teraperature,  The limitations on the minimum spiking
period are ¢ssentially the same for Q switching as for internal modulation
with electric and mazgnetic fields,

Giant pulses have also been obtained by Q switching methods in a
neodymium glass laser (Reference 3-35).  The experiments arc currently
in progress and the cetails have not been published, Preliminary results
reported are 1.5 joules in a single spike with peak power of 30 megawatts,
Such high power will probably not be suitable for the communications applica-
tions considered here, but it is possible to regulate the power per spike by
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the particular Q switching and pumping intensity employed. Neodymium glass
lasers have many desirable properties such as high efficiency (3.9 percent)
and energy output of more than 100 joules in a puls« of about | millisecond.

Four-l.evel Lasers

Four-level laser operation occurs when the energy of separaiion of the
terminal laser level and ground state is much larger than the thermal energy
of the atom, i.e., when hAdv >>kT (see Figure 3-3), The four-level crystal
materials that have been operated continuously are Nb3+: Ca W4, Dy=+:
CaFp, and U3t: caF,.

Continuous laser action in U}f : CaF, at 2.613 microns has been

obtained, with an emission of about 10 microwatts {Referernce 3-36). Thresh-

for oscillation is slightly less than 2000 watts when ceoled by a continuous
H of precooled liquid oxygen. A confocal resonator geomeatry was used with
the silvered face of the crystal 1 percent transmissive, The output is a
damped oscillation, the damping occurring in a few millisecands, There
are strong low~frequency fluctuations in the emission that are caused by an
ac ripple in the dc power supply. For power levels barely exceeding thresh-
old, a small change in the pumping intensity causes a large {luctuation in the
laser output.

Continuous laser ac:ion in Nd3+ : CaWO, has been obtained by Johnson
et al (References 3-37 and 3-38). The following characteristics are noted:
emission occurs at the 1. 065~-micron line which has the lowest threshold for
laser action; the crystal is cooled by a continuous flow of pracooled liquid
oxygen; the rod is long compared with its diameter and has approximately
confocal spherical ends; tareshold flash tube power for continuous stimulated
emission is about 1300 watts; there is a periodic fluctuation at 60 cps of the
power output caused by an ac ripple on the dc power supply. The high '
frequency spikes of the type that persist indefinitely in the CW operation of
ruby are damped out; power output at 1600 watts is about 1 milliwatt super=-
posed on a dc output of 1 milliwatt, and continuous emission i¢ obtained for
about 12 seconds. The ac ripple component of the power supply is about 20
percent of the total power to the flash tube (see Figure 3-4 and Reference 3-37),

The signal shown in that article is an example of pump power modula-
tion, a method that has been used successfully for kilocycle imodulation of the
egaission of a Ne - Ne gas laser, and transmission of audio over short
c‘ances. The frequency with which a laser signal can be modulated by
changing the pump power is limited by the natural frequency o: the system as
it is when any other parameter that changes the dynamics of the laser oscil-
lation is perturbed. The response of the flash tube, if it is slower than the
oscillation frequency of the laser, would then limit the modulation frequency.

Spiking Frequency in Four-Level Systems

The expression for the spiking frequency of a four-level laser is
obtained as follows. Beczuse of the difference of the energy ¢t the terminal



laser level and the ground state the population density of the ground state wiil
be negligibly small compared with the population 42 of the excited level during
the laser oscillation, and the number of atoms in the excited state will be
small compared with the total ion number density., Thus Equations 3-1 and
3-2 can be approximated by

gtﬁ = a,;zp-.t_fl‘j (3-14)
%‘ft_z = -2auyp + WN - Ap, (3-15)
The singular points are .
;= -g-(%vg 3 1) (3-16)
where
W, = al\}"‘tL (3-17)

W'c is the threshold pump transition probability per unit time for oscillation

of a four-level laser, Linearizing Equations 3-14 and 3-15 as before (see
Equation 3-10), the ‘ollowing is obtained

dop 2 -
—t = o) -
dr = 9P Opm f.P

The characteristic equation is

Mot (aF+ ANt af, F=0

The angular frequency of the damped oscillation when the damping is smalil
compared with the oscillation frequency is approximated by
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where we have used Equitions 3-16 and 3-17. The spontanccus emission time
for Nd3*: Ca WOy, is ~ 10-4 second, so A = 10% sec-1, Take ty, = 5 x10-
for the decay time of the radiation in the cavity, and let W/W_ = 2. Then
Equation 3-19 gives w = 1.4 x 106 sec-! and w /27 = 2.2 % 105 ¢ps which
is in fair agreement with the observed oscillation frequency of Nd3¥: Ca WO4
operated under conditiors similar to those assumed above. (For example,
see Reference 3-16 and Figure 3-3,)

CW Operazion in Nd3t: Ca WO4 and Dy¢t CaF>

‘ More recently Johnson (Reference 3-38)has obtained about 0, 5 watt
continuous power from Nd3+: Ca WQO4 at 1500 watts in a confocal resonator
geometry. Measurements of spectral width, directionality, power output,
and spiking behavior were made and near-field photographs of the intensity
distribution over the face of the laser rod were taken. Experiments were
made in both conical and Fabry-Perot geometry. A connection between the
number of resonator modes excited and the spiking behavior has been
observed,

Continuous laser action takes place at 85°K when the crystal is cooled
by a continuous flow of liquid oxygen that has been precooled to liquid nitrogen
temperature in order to eliminate bubbling, The emission consists cf the
single line with a spectral width of 0. 2 micron which is a reduction of the
natural fluorescence line width by a factor of 30, Beam width in the Fabry-
Perot geometry is about 0. 2 to 0, 3 degree, while divergence of the emission
of the continuously operating laser with confocal geometry is much larger.

Near field patteras of the light emitted from the end faces of the
crystals with Fabry-Perot geometry indicate that a small number of resonator
modes are excited, and "hat the number of active regions of the crystal is
essentially independent of the pumping power. However, in the confocal
geometry near-field patterns show a high degree of symmetry with the number
of excited modes increasing as the power is increased., At a powexr level of
1. 3 times threshold a large number of resonance modes appear to be excited.
poiking or undamped oscillations persist in continuous operation in the Fabry-

‘rot geometry for all values of input power, while in the confocal geometry
the continued spiking disappears as the power level increases, and at power
levels well above threshold essentially no spikes are observed. Since the
near-field patterns indicate many resonator modes are excited at high power
input, Johnson has suggested there may be a connection between mode struc-
ture and continued spiking in continuous operation (Reference 3-39),

Continuous operation in Dya+: Ca F2 has been obtained by Kiss and
Duncan (Reference 3-40), L.F. Johnson (Reference 3-41), and A, Yariv
(Reference 3-42)., The ¢trongest emission line is at 2. 360 microns; laser



action in CW operation occurs at this line. In contrast to the CW operation of
Nb3+: Ca WO4, where a dynamic cooling technique was needed, the dysprosium
laser is cooled to 20°K by immersion in liquid hydrogen. The laser was
excited by a flash lamp driven by a 120-cps power supply and alsc by a dc-
power supply. Threshold for CW operation was 650 watts rms input power to
the lamp, Another crystal tested had a threshold at 350 watts at 20° K. The
peak output power at three times threshold was 2.5 milliwatts.

Yariv obtained CW emission in Dy2+: Ca F using both dynamical and
immersion cooling. Measurements of threshold power were made for a
number of different concentrations of Dy at both ac and dc excitations, The
results obtained for continuous ope ration at 77°K are given below.

Doping, percent

Dyz‘L CaF Ac Threshold, watts Dc Threshold, watts
0.5 800 800
0.2 600 660
0.1 300 | 350
0. 05 180 210
0.02 80 100

The 80- and 100-watt thresholds are the lowest yet obtained in CW operation
of solid materials. The maximum power output was obtained with 0, 05
percent concentration of Dy with a highly transmissive slivered end mirror:
0.3 watt was obtained with 800 watts input to the lamp, Continuous runs up
to 30 minutes were maintained with no adverse effects. Spiking was observed
to decay in about 0, 3 m /sec after the onset of oscillation.

It should be noted that the 2. 36 micron line is not absorbed by water
vapor which is the :main source of absorption in the atmosphere.

In communications applications where a high power constant ampli-
tude carrier signal is desired (because of the damped spiking characteristics
and relatively high power) Nb3+: Ca WO4 and Dy2+: Ca¥Fp appear to be
promising laser materials, However, it should be remembered that the
oscillations are damped at the expense of a larger beam angle.

SEMICONDUCTOR LASERS

The recent achievement of laser action in semiconductor diodes has
given rise to a new field of investigation in the realm of laser technology.
Its significance stems from the fact that direct conversion of electrical
energy to coherent radiation takes place in a highly efficient manner.
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Additionally the laser diode provides a conceptually simple method of modulat-
ing a laser bearmn since the electrical Pumping current can €asily carry the
modulating signal as well.

Operating Characteristics

Current passing through a GaAs diode in the forward direction gives

rise to the emission of recombination radiation in the vicinity of the p-n
junction, As the current density is increased, the width of the emitted
spectral line is reduced indicating the presence of stimulated emission. By
controlling crystal impurities and creating an optical cavity in the plane by
the junction, laser action can occur, It is believed that at higk current
densities operation takes place with nearly unity quantum efficiency, i, e.,

every electron crossing the junction one photon is emitted. The net con-
vETsion efficiency of the device (input electrical énergy to radiated energy)
has been observed to be as great as 50 percent compared to the present 0, 1
percent for gaseous or solid-state lasers. Clearly, these highly efficient
devices merit further investigation,

Although experimental results are sparse, some idea of the Operating
characteristics of present semiconductor lasers can be obtained from the
partial summary given in Table 3-4.

Coherent light emission has now been observed from several different
forward-biased injection diodes. As in solid and gaseous lasers, the onset
of laser action in the injection diodes is characterized by a narrowing of the
spectrum of the emitted radiation (see Figure 3-7), Laser action has been
obtained in GaAs ({References 3-43, 3-44, 3-45), Indium Arsenide (Reference
3-46), Indium Phosphide (Reference 3-47), and Ga (As) -xPx) (Reference
3-48) diodes. Laser action is obtained most easily at low temperatures in a
puised mode of operation, however, continuous operation has been obtained
in GaAs and InAs, and pulsed operation of GaAs at room temperature has
been achieved.

Power and Efficiency

In the pulsed mode of operation the diode laser is excited directly by
current pulses of less than a mic rosecond duration. The inherently low
capacity of these diode Systems in principle permits current puises of the
o of a nanosecond with the subsequent emission of nanosecond pulses of
coherent radiation. One of the desirable features of semiconductor lasers is
that the response time of the laser is fast enough to allow relatively high
(107 - 10% cps) direct modulation frequencies. By way of comparison, the
natural frequency of present solid-state lasers is in the range of 106 to 107
cps.

Current densities of the order of 103 amps/cm?2 through the diode are
required for laser oscillations, The area of the pP-n junction is typically
about 103 cm? and the emitting layer is about 15 microns thick (Reference
3-49). The face that the emitting layer is so thin means that a slight arnount
of dissipation of ¢nergy is 1. kely to cause a serious heating problem. This,
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coupled with the fact that a rise in temperature causes o degradation of laser
performance, is one of the factors that prescently limi: the power output of
semiconductor lasers. The total average light output of about 7 milliwatts
from a pulsced GaAs laser was reported (Reference 3-50), The output consisted
of 1000 pps of 10 microseconds duration. The efficiency of the laser was
measured to be less than 30 percent. Current pulses 0. 4 microsecond long
with a repetition rate of 200 per second were used with a InAs laser (Refer-
ence 3-46). The highest current applied to the diode was 60 amperes. With
the duty cycle implied above (8 by 10-9) the total average power out cannot

be more than 10 milliwatts. An InAs diode was operated continuously with a
magnetic ficld of 4.1 K gauss, a temperature of 4, 2° K and 210 milliamperes
dc current in the diode. Another InAs diode was operated continuously at
2.1” K and currents up to 1 ampere (Reference 3-51). One of the effects of
the magnetic field was to lower the threshold current for oscillation. The
total light emission was not reported. Higher power outputs have been
reported in some of the trade journals recently, but details of their operation
have not yet been published.

The future power capabilities of diode injection lasers have not been
determined. It should be noted that all of the emitted power of the diode
lasers may not be useful in a communication channel., For example, in the
continuous operation of GaAs (Reference 3-52) only about 10 percent of the
total radiation was coherent, Melngailis, however, has reported that almost
all of the CW emission of the InAs diodes was coherent. In addition, problems
similar to those encountered in the high-power operation of other laser mate-
rials occur also with the diode injection lasers. For example, as power
input (or current) is increased above threshold for oscillation many modes
are excited. Often these modes are strongly off axis and can result in large
beam divergences, 1In general it is not likely that conditions for which high
power output is obtained will be conducive to good spectral and directional
properties of the beam.

The efficiency of GaAs injection lasers have been studied by G. Cheroff
et al. (Reference 3-50). Two efficiencies have been defined, the external
quantum efficiency, which is the ratio of the rate with which photons are
emitted to the rate of electron flow through the junction, and the internal
quantum efficiencv, which is defined as the number of photons generated per
injected electron. In tests on a series of diodes operated at liquid nitrogen
temperature, the internal and external quantum efficiencies have been meas-
ured. The diodes were driven by microsecond pulses at the rate of 1000 pps.

The external quantum efficiency, which is essentially the overall power
efficiency, increases as the current is increased above threshold. At currents
about three times threshold the overall efficiency was zbout 26 percent., The
internal quantum efficiency for directional emission was 70 percent which
is considerably lower than the 100 percent reported by Quist et at, {Reference
3-51). The interral quantum efficiency is important since it places an upper
limit on diode laser efficiency.
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The inherently high efficiency of injection diode lasers anc the high
frequency direct current modulation methods are attributes not snared by
other lasers.

Directional Properties

G. Burns et al (Reference 3-53) have fabricated GaAs junctions that
show strong directionality effects. The angular distribution of the emitted
intensity has been related to some simple geometric standing wave modes. The
best pe_rformance was obtained in a parallel-piped structure of dimensions
~5 x 10 by 50 x 10 ~ inches, with the long dimension of the diode in the
plagg of the p-n junction. Laser oscillation at 8400 degrees first occurs in
th ection of the long dimension of the cavity with about 8 amperes through
the junction. Laser oscillations in the short direction are excited at about
18 amperes. Laser action was obtained at liquid nitrogen temperature with
the diode driven by current pulses of 100 nanoseconds duration. It was not
necessary to coat the reflecting surfaces perpendicular to the long direction
with any reflective substance because the high index of refraction of GaAs
provided sufficient reflectivity (35 percent) to obtain laser oscillation.

For currents slightlyabove 8 amperes the beam angle of the coherent
radiation in a plane parallel to the junction_flane is approximately 2.5 degrees.
The width of the junction plane is 1.3 by 16 & ¢m and if the diffraction limit is
calculated for this dimension and the 8400 A wavelength, the beam angle is
within about a factor of 10 of the diffranction limit. As the current through
the diode is increased above threshold, additional peaks in the angular dis-
tribution appear as shown in Figuie 3-8 and the beam angle consequently
increases. Similar intensity distributions are given in Reference 3-53 for
several values of diode current. :

The positions of the peaks in the intensity distribution have been cor-
related with some simple standing wave patterns. For example, a peak in
the intensity has been observed at about 25 degrees and this peak would cor-
respond to the standing wave shown in Figure 3-9. The angular distribution
of the emitted intensity in the plane perpendicular to the junction plane was
qualitatively similar in width to the angular distribution in the plane of the
junction.

Below threshold the spectral width at half maximum of the incoherent
“emission, at liquid nitrogen temperature, is 125 A. As the current is o
increased through threshold, a sudden decreasg of line width to about 15 A
has been observed (see Figure 3-7). This 15-A emission is composed of
several quite narrow unresolved lines. Recently the spectral width of the
distinct lines has bgen observed to be 0. 2 A and one observation showed a
line width of 0. 05 A, which was the resolution limit of the instrument (Ref-
erence 3-54),

The laser emission of InAs at 3.1 microns shows spectral character-
istics similar to GaAs. Above threshold a relatively narrow line appcars
out of a broad spontaneous ermission line of half width 1900 A at 77° K The
spectrum showed lines with a half width of 35 A, with the number of lines



increasing at higher currents. The beam angle in the plane parallel to the
Junction was about 5 degrees which is comparable tothatobserved in GaAs.

Indium phosphide lasers emit between 9030 and 9100 A for most of the
diodes tested (Reference 3-47). The full line width of the spontaneous emis-
sion at 77° K is between 140 and 180 A and between 65 and 100 A at 4. 2° K.
At 77° K the spectrum of the emission consists of several lines of full width
at half maximum of about 1 A and the lines are separated by about 3.5 A.
When operated at 4. 2° K, lines of 0.5 A were observed which was the resolu-
tion limit of the measurement.

In diode lasers the wavelength of the spontaneous emission that gives
rise to the laser oscillation is an increasing function of temperature. This
causes the wavelength of the laser emission and the spacing of the modes to
vary with temperature. The assumption that the cavity resonances are stand-
ing wave modes in Fabry-Perot geometry gives results that are consistent
with observations on mode spacing and the temperature dependence of the
laser emission lines in GaAs and InP diodes.

The wavelength of the Fabry-Perot modes are given by
v = ud (3-20)
m

where ;. is the index of refraction and is dependent on wavelength and tempera-
ture, £ is the distance of separation of the reflecting end faces of the cavity
and depends on temperature, and m is an integer.

To obtain an expression for d\ /dt we differentiate Equation 3-20 with
the result

ooy ey (2) d . (20 4L
dt dul, !\\.'JT \ \dajp dT | ot /, dT
: . VAR AN e
Using Equation 3-20 to obtain | -— and \-7-) and substituting it in the
above expression gives K I u
‘ 1(9-5-) + u 3L
‘1.').\.. = \(}T.A e T (3-21)
oON J

G. Burns et al (Reference 3-55), using the rough experimental values of
(du/AT), (3, /0+ )T, ana di/d T obtained by T.M. Quist, et al (Reference
3-51), find d» /d T from Equation 3-21 to be 0.4 A/deg at room and liquid
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nitrogen temperatures, which is in agreement with the observed rate of change
of wavelength of the individual lines with temperature at 77° aad 300° K.

The wavelength of the spontaneous emission changes at the rate 2.5 A/
deg at 77° K. Since dX /d T for the stimulated emission is 0.4 A/deg the stimu-
lated emission lines do not follow the shift in the spontaneous emission. Thus
as the temperature is changed, lines will disappear and new lines will appear.
The shift in wavelength with temperature is probably one of the causes of line
broadening in pulsed operation.

An approximate expression for mode spacing can be obtained by taking
the differential of (1) with £ and T constant. Thus,

~ (OAN du M)
o AN = 6;L>m L AN+ ("mz Am

and with Am = -1
)‘2

1
EEETEY

O\ =~

(3-22)

The separation, & \, of adjacent modes depends on temperature through the
temperature dependence of A\, £, u, anddy /dX. Measurements of mode
separation made by Burns and Nathan with a GaAs laser operating at room
temperature are in agreement with values of AN calculated from Equation
3-22. I. Melngailis and R, H. Rediker have also observed mode separation
(in the continuous operation of InAs in a magnetic field) that is in essential
agreement with Equation 3-22.

Threshold for oscillation is a strong function of temperature (Refer-
ence 3-56). Measurements in a GaAs diode show about a third power depend-
ence on temperature above 60° K, and below 60° K the curve flattens out at
low values of threshold current density as shown in Figure 3-10 . The small
threshold currents at low temperatures are the reason why continuous opera-
tion is obtained more easily at low temperatures.

” The first CW GaAs laser was operated at 2.0° K and oscillation could
n e obtained at 2.1° K. Recently continuous laser emission has been
obtained at 77° K with the two optically flat surfaces coated with silver.

The oscillation threshold will be more sensitive to a change in reflec-
tivity when the dimensions of the cavity are small. As in the solid and
gaseous lasers, the threshold condition depends on losses due to scattering
and absorption in the material and transmission through the reflecting sur-
faces. Lasher (Reference 3-57) has given an expression for threshold current

density, j, where the threshold current is proportional to the cavity losses.
Thus
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jcr<~tl—r+8>

where 1/ty = (1 - R) ¢/¢ accounts for the transmission losses, where R is
the reflectivity and £ is the length of the cavity and c is the velocity of light,
The other losses are described by the single parameter £. We see that if
the transmission loss term is dominant, which may happen for ve ry small £,
then the threshold current will be sensitive to changes in R. If the absorption
and scattering losses arc large compared with the transmission losses then
the threshold current will not be reduced significantly by increasing the
reflectivity R, For units having a typical length :. 10”2 ¢m the threshold has
be‘ reduced as much as a factor of four by increasing the reflectivity.

GASEOUS LASERS

Due to the excellent survey article on gas lasers by Bennett (Reference
3-58) and since the statistical properties of the He - Ne laser are discussed
in Section 4, only a brief summary of gaseous laser performance is given
here. The section is then concluded with an analysis of the limitation on gas
laser power for direct atom-atom collision excitation.

Gaseous Laser Characteristics

Laser oscillations of frequencies ranging from the visibie (0. 63 micron)

to the middle infrared (12 microns) have been obtained in gaseous materials.
So far, maser action has been obtained in ten different gaseous systems (see
Table 3-5). A considerable amount of theoretical and experimental work has
gone into the study of the He - Ne gas system (Reference 3-59). The oscilla-
tor consists of a Fabry-Perot interferometer about 1 meter long, and popu-
lation inversion is achieved by exciting helium atoms to a metastable state in
an electrical discharge. The helium atoms transfer the excitation energy to
the neon gas by collisions. Under suitable conditions a stimulated transition
of the excited neon atoms to a lower level takes place to give.the maser
oscillation.

The output of gaseous lasers is characterized by extremely monochro-
n‘c, narrow-beam, continuous radiation. Inherent line widths of 2 cps have
be®n obtained in a He - Ne system (Reference 3-60). Frequency stability has
been found to be 2 parts in 109 over 100-second time intervals. It is expected

that it will be possible to obtain a high degree of long-term frequency stability -

in gaseous lasers.

The power output of most gas lasers has been of the order of milliwatts.

In the He - Ne system 15 milliwatts was obtained in a'single line with an
estimated power dissipation of 50 watts. Saturation occurs at about 75 watts
and additional power input does not increase the output power in the beam.
Bennett (Reference 3-58) suggests that through the use of mode suppression




TABLE 3-5. SUMMARY OF GASEOUS MASER TRANSITIONS
AND BEAM POWER

Wavelength, Continuous Power, I Reference
Gas microns mw per beam (first work)
Helium-neon 0.6328 4 3-26
1.0798
1.0845
1.1143
1.1177
1.1390
1.1409
1.1523 20 3-16
1.1601
1.1614 1 3-16
1.1767
1.1985
1.2066
1.5231 3 1.27
3.3913 10 3-28
Cesium 7.1821 0.025 3-29
Neon-oxygen 0. 84462 ! 3-30
Argon-oxygen 0.84462 1 3-30
Helium 2.0603 3 3-31
Neon 1.1523 1 3-32
2.1019 1 3-31
5.40 3-33
Argon 1.6180
1.6941 0.5 3-31
1.793
2.0616 1 3-31
Krypton 1.6900
1.6936
1.7843
1.8185
1.9211
2.1165 1 3-31
2.1902 1 3-31
2.5234
Xenon 2.0261 5 3-31
5.5738 3-33

3-37




TABLE 3-5 {(continued)

Wavelength, Continuous Power, Reierence
Gas microns mw per beam (first work)

.0261 10 3-31
.3193 3-33
.6269
. 6511
. 1069
. 3667
. 5070
.6788
. 6849
. 8940
. 9955
. 5738
. 3147
.0040
. 7002
. 263

.913

Helium-xenon

NNV VOUwWwwWwwwwihNhNNn
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techniques in long interferometers, cooling techniques in multiple-tube struc-
tures, or power amplifiers, a sizable fraction of a watt might eventually be
obtained. :

Gaseous Laser Power Considerations

Gas lasers, for reasons that are related to their low density, do not
have the same potential for high-power pulsed operation that exists in solid-
state devices. An analysis of this limitation, for RF and d ¢ pumping where
the excitation mechanism is by means of direct atom-atom collision, is given
here. Other methods of excitation, such as direct electron excitation, which
may have the potential for higher power, are currently being investigated.

. Figure 3-1 shows the energy level diagram for the helium-neon gas
128Pr. The dynamical equations governing the population densities of the neon
states are as follows:

gﬁ: -_...p -2
at = 9P kp - k) to (3-23)
d 2 )
a9 By ) P b STava Ky (3-24)
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——— - — - e e, -2
dt Py =) - Blry -m)++ ﬁ (3-25)
sl sc
dp,  u '
o 1 Fo ,
TSt B, -p)-—= {3-26)
t tsl 1 o td
+ + = -
/1g #0 + /,Ll ,uz N (3-27)
Q...
# = photon density of coherent radiation
By = population density of 2S neon state
Ky = population density of 2p neon state
&, = population density of 1S neon state
;_.-g = population density of ground state
'uHel = population density of helium excited state
@ = co (0 = cross section for stimulated 2S - Zp laser
transition, c = velocity of light)
t. = cavity decay time for 2S - 2p radiation
ty = time for neon atom in excited IS state to diifuse to wall
t, = FHe < b aVa? frequency of excitation of neon 2S state

per ground state near atom

t t = spontaneous decay times of levels 2S and 2p

‘ s2’ sl

The transition rate between the neon 2p--1S states is taken to be pro-
portional to the populatior density difference (£, -# o). The proportionality
factor is denoted by ;5 and depends on the density of 2p--1S radiation in the
cavity.

The equations that govern the population of the helium atomic levels

have been omitted. These equations are connected to Equations 3-23 to 3-26
through the parameter FHel] <9, Vv, ~= l/tx. Thus all the complicated
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details of the electricdischarge and the population and Jdepopulation of the
b Hel state is collected in the parameter t_, which is tre characteristic time
for excitation of the 2S state by atom-atom collisions, are collected,

The term 8 (4 ,-u ) in Equations 3-25 and 3-26 accounts for the so=
called radiation trapping. Apparently the spontaneous decay time of the IS
level is so long that de-excitation at the walls is needed to depopulate the I3
state. The population density of the IS level and consequently the population
of the 2p and 2S states will therefore be strongly dependent on the diffusion
time and hence on the pressure, temperature, and geometry of the discharge
tube. The experimental fact that the gain of the helium-neon gas laser is
inversely proportional to the diameter of the discharge tube is taken to be
evidence of the dependence of laser oscillation on the diffusion process,

Equations 3-23 to 3-26 are approximate for a number of reasons; one
of them is that diffusion to the walls has been accounted for only for atoms in
the 1S state. This is justifiable if the other relevant processes have smaller
characteristic times than the diffusion time. A comparison of these times
has not been made, but for the present possible complications that may arise
from diffusion effects on the population densities of other levels are ignored.

Time-independent behavior is obtained when the derivatives in Equa-
tions 3-23 to 3-26 are simultaneously zero. The values of the dependent
variables for which this occurs are denoted by barred symbols. Thus, in
steady-state operation,

oﬁ(;?z-/_ll)--é:o (3-28)
_ag(pz-,ﬁl)+ii&-;3‘-=o (3-29)

x 82
“5'(/'*'2""’1)"‘:;11“S(PL'FoH?—;‘Zgzo | (3-30)
%‘I + 3R -EQ) - %1): 0 (3-31)
pg+_,:o+pl+,:2=N (3-32)
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Let T ’ul; then solution of the above equations yields
—_— 1 - y
H = C—IT (_)—33!
c
F o< NoE :
° 2 td+tx 1+Btd tsl Y
2t, ¢ \TF B t (3-34)
d sl d
. 1 + Bt t
— — d sl
H = /J. (3‘35)
» 1 o\ 1+ Btsl ty
and ty, 1+ ,Btd
. N.z) fs1 1t Bty |t '
p= 2 .+t 1+ Bt Kl (3-36)
d X d s2

+
2t I+ Bt

which is the equation of interest at the moment.

Equation 3-36 gives the photon density expressed in terms of the
characteristic times of the system. Since the inversion required for oscilla-
tion is much less than the density N of neon atoms a necessary condition for
laser oscillation may be approximated by

tsZ S 1+ Btd

(3-37)
tsl 1+ ’Btsl

‘ere ts2/tgy 2 1 in the He - Ne system. From Equation 3-34 it can be seen
t if the diffusion time t§ becomes too large the inequality wiil not be
satisfied and oscillation is not possible. Evidently this is the reason laser
action cannot be obtained in discharge tubes of large diameter.

When Equation 3-37 is satisfied the inequality
‘e
—_ (3-38)
tsl td+tx+l+ de
2 '+ Bt

~izZ
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is satisfied and gives an upper bound on the photon density. It is clear from
Equation 3-38 that to obtain high-energy density (high power) it is attempted
in practice to satisfy strongly the inequalities

N e g I and =—S— >1 {3-39)
t t
sl

Equation 3-38 can be simplified slightly in the two limiting cases
Bts <<l and Btg »>1. The first case corresponds to the probability per
unit time for induced transition between 2p--15 levels being small compared
with the spontaneous decay probability. In this case,

N t
F < =~ if Bt <<l (3-40)
2t s

for the upper bound on the photon density.

If Bts ~> 1 the induced transition probability per unit time is much
larger than the spontaneous decay probability, and the upper bound of the
photon density is given by

t
.1 C N S
P < N M if Bts i (3-41)

The power output is proportional to the photon density and the area of
the discharge tube, and is thus proportional to the gas density N. The area
is limited by the oscillation condition (Equation 3-37) and this limitation turns
out to be quite severe (judging by the areas of discharge tubes used in practice)
It can be seen that the photon density is relatively low because of the low N of
the gas (compared with solid lasers). The He - Ne gas laser is essentially
a low-power device because of the inherently low N and the restriction on size
that is expressed by the oscillation inequality (Equation 3-37).

It is of interest to compare these results with the photon density in

ruby. The dynamical equations can be written

dp _ P .
o= = aup i (3-42)

%{5= ~2aup -(W+ Apu +(W-A)N (3-43)
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where W is the pump transition probability per unit time, t. is the cavity loss
time, and A = l/tg is the spontaneous transition probability ber unit time.
The time derivatives are simultaneously zero when

1 .
N __ﬁ_ .._.__Qt (3‘-44)
C
2AW |
_ N c (W |
P =P %er [wc TA (wc - 1)] (3-45)

where W, is proportional to the minimum threshold pump power and is defined

WC - A pr
W AT N (3-46)

Since @/N <<1, WX Aand W_ + A/2 = W.. Hence 7 may be approximated
by

2y
|
il
a7 la”

(3-47)

where Equation 3-44 has been used and A = 1/tg. Comparing Equation 3-47
for ruby with Equations 3-38, 3-40, and 3-41 for the gas laser it is clear why
ruby (and solids in general) have inherently higher power capabilities than the
He - Ne laser. As was mentioned before, the dominating factor is the differ-
ence in the possible doping density N for solids and gases together with the
restriction on the size of gas lasers implied by Equation 3-37.
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4. STATISTICAL STUDY OF LASER TRANSMITTERS

INTRODUCTION

Radiation generated by lasers is subject to unintended fluctuations.
These are random variations of intensity, frequency, polarization, and the
direction of propagation. When radiation originating in the laser is used as
the carrier of information the unintended, random variations of the radiation
characteristics combine with the deliberately introduced modulation. The
receiver responds to the combination; therefore, the fluctuations of the trans-
mitter appear as signal distortion, or noise. .

The various types of lasers differ greatly in their statistical fluctua-
tions. The three-level ruby laser is by far the least stable; the four-level
solid lasers occupy an intermediate position; semiconductor lasers can prob-
ably be operated quite stably; and gas lasers are extremely stable. The
stability of a given laser depends on the constancy of the temperature and on
the power level involved. Most stable operation is obtained at the lowest
power levels.

Observed fluctuations in the laser output are consequences of fluctua-
tions of the excitation of different oscillatory modes. The complications of
the fluctuation problem arise from the fact that the laser is a multimode
oscillator which is seldom operated in a single mode; furthermore, relatively
minor changes in external environmental conditions may cause major shifts
in miode excitation. It is desirable to introduce the terminology of mode the-
ory and to list its principal results before entering into the discussion of the
experimental material on fluctuations.

Mode thecry deals with the distribution of the electromagnetic field
within the laser. This distribution may be regarded in the framework of
different approximations. The simplest form of mode theory involves the
use of uniform plane waves of finite extent. According to this point of view,
given two parallel plane mirrors of finite extent, the field between them
may be regarded as the superposition of plane waves traveling back and forth.
The plane waves which travel longitudinally, that is, perpendicular to the
mirrors, form a standing wave pattern which leads to reinforcement when
the distance of the mirrors is an integral multiple of the half-wavelength.



Reinforcement takes place whenn XN = 2L, where n is an integec, \'is the
wavelength in the laser material, and L is the distance between the mirrors.*
Each value of n corresponds to a frequency at which oscillations may occur
provided sufficient amplification is available at that frequency. A fixed value
of n characterizes a resonance or a mode. Strictly speaking, two modes of
radiation must be considered for a fixed n to allow for variation in the direc-
tion of polarization. Consecutive resonances, or modes, are separated by
the wavenumber

AR = 5T (4-1)

Generally a number of modes of this type lie within the atomic linewidth.

The above plane wave theory correctly predicts the frequency separa-
tion of the principal resonances. However, other resonances may also
occur. Moreover, the assumption of uniform, plane waves of finite extent
is inconsistent with electromagnetic theory. A more adequate theory regards
the solid laser as a dielectric box whose resonances are computed according
to the known precepts of microwave theory (Reference 4-1). It is found that
the resonant frequencies of cylindrical structures are determined by equa-
tions of the form

X, + (E2 ) - &* (4-2)

2
where k = wt sz/c » L is the length of the cylinder, and the numbers

le are determmed from equations involving Bessel functions inXa, where
a 1s the radius of the cylinder. The mode is characterized by the triplet 1,
m, n and some information concerning polarization.

The correct modes of the gas laser are found by the method of self-
reproducing amplitude and phase distributions introduced by Fox and Li
(Reference 4-2). Here, as in the case of solids, a triplet of integers is
obtained as mode indices; the first two are related to the transverse distri-
bution of the electromagnetic field, and the third is the number of nodal
planes contained between the two reflectors.

, For reasons which are explained in Reference 4-3, only axial and

arly axial modes are of interest in connection with lasers. These are the
modes for which 1 and m are very small and n is very large. Axial and
nearly axial modes are still very large in number and many may be excited
within the same atomic linewidth. In good approximation the coupling between
the oscillations in different modes may be neglected. However, all oscilla-
tions derive their excitation from the same pool of atomic systems and all

b

The symbol Ais used to designate the wavelength in vacuum. Thus = clv,
while A' = X/7M, where 7 is the refractive index of the material.



dissipate energy partly through incomplete reflection and partly through
diffraction or escape of radiation to the sides that may occur when the modes
are not axial. Axial modes have the least dissipation, the highest Q.

As the excitation in the material progresses to the point at which the
population inversion is large enough to cause a net stimulated emission,
energy begins to rise in the various resonator modes. The driving force
acting on these modes is the largest for frequencies near the center of the
atomic resonance, v,. The mathematical theory of this process in a multi-
mode cavity has been developed by Wagner and Birnbaum (Reference 4-4),
who calculated the frequency distribution of the output in terms of the atomic
linewidth and the degree of excitation, Sidestepping the intricate mathemati-
cal analysis, it may be stated qualitatively that modes with more energy than
others tend to grow faster and their growth rate increases with increasing
Q. All feed on the same supply of excited atoms; therefore, most of the
energy will be concentrated in oscillations with the highest Q and with fre-
quencies nearest to the center frequency of the atomic line.

The Q of each mode is determined by the sum of all losses from that
mode. The loss caused by incomplete reflection does not vary from mode to
mode; it is determined by the nature of the reflecting layer. The diffraction
loss is variable. The large loss of off-axis modes usually lowers their Q's
to the point at which their excitation becomes negligible and the laser may be
correctly described entirely in terms of the axial modes. The losses of the
axial (TEM,,,) modes are about equal. Ordinarily quite a few of them lie so
close to the top of the atomic line that they are excited simultaneously. How-
ever, even a small difference in the diffraction losses among modes of differ -
ent types may provide a great discrimination in the excitation of these modes,
and if the laser is operated sufficiently close to threshold oscillations will
only occur in modes of lowest loss. A small change in the laser parameters,
€.g., the distance of the reflectors, is capable of causing a large change in
the distribution of energy among modes.

In the following paragraphs fluctuations of the output of the following
laser types is discussed: the flash-excited ruby in free running and in the
giant pulse form, the neodymium laser, and the helium neon laser.

FLUCTUATIONS IN RUBY

The output of a freely running ruby laser consists of a succession of
irregular, uneven spikes of approximately 0.5 microsecond duration. When
the temperature of the ruby is lowered, some of the irregularity disappears
but the pulsating character of the output remains. Unless special precautions
are taken, the output of the ruby laser consists of oscillations in many modes
and the different oscillations attain their peaks at different times. '

The presence of a series of axial modes in one ruby flash was demon-
strated spectroscopically by the use of Fabry-Perot etalons (References 4-5
and 4-6). Depending on the degree of excitation, ten or more lines were



observed separated in wavenumber according to Equation 4-i. The outputs
of the different modes may be mixed in a photodetector and the difference
frequency detected. The spectroscopic analysis was confirmred by frejuency
analysis, and beat frequencies between axial and some transverse waves
were found (References 4-7 and 4-8). For a ruby rod 5.62 ¢ long, such
as used in the experiments of McMurtry, the axial modes are 1.5 Gc apart.
The individual axial modes are relatively fine; their spectral width varies
with temperature and excitation. McMurtry observed linewidths from 3 to
20 mc. However, the entire spectrum excited during a flash will extend
over a frequency region covering over 10 Ge. The coverage is of course in
the form of a fine-toothed comb spreading over a certain region — at least
this is the situation during a short interval, say 1 microsecond, during the
flash. Some time later a fine-toothed comb is again present but it has

ved compared to its earlier position. Such a motion of the entire spec-

m- of the ruby is not demonstrated by mixing experiments because the
difference frequencies remain the same. The shifting from one spike to the
next was demonstrated by a fast time resolution interferometric technique.
Hughes (References 4-9 and 4-10), as well as Hanes and Stoicheff (Reference
4-11) demonstrated conclusively that the frequencies of oscillation change
from one spike to the next. A drift is observed within the same mode pattern
toward lower frequencies. This amounts to about 10 mc per microsecond
and may be explained by the warming of the ruby. In addition, there are
sudden shifts from one mode pattern to another as the population inversion
becomes exhausted in some regions of the crystal while it remains high in
others, and the mode pattern readjusts itself so that the energy stored in
the less frequently used regions is tapped.

Further evidence of the variability of the ruby mode pattern comes
from the work of Evtuhov and Neeland (Reference 4-12) who observed the
spots appearing on the end face of the ruby and correlated their pattern with
the radiation pattern in the far field.

In conclusion it can be said that the excitation of the modes is strongly
dependent on the power level at which the ruby is flashed. Increasing the
pump energy 10 percent above threshold provides a large number of axial
modes. Under such circumstances the ruby laser delivers a burst in which
the intensity is highly variable and whose frequency range encompasses at
least 15 Gec. The polarization of the emitted radiation will also be variable
‘ess special precautions are taken to stabilize it.

The output of the giant pulse ruby laser is a single pulse of 0.1 to
0.5 microsecond duration. Its polarization is well defined by the optical
shutter. Although details of the spectra are not available, it appears from
the measurements of McClung (Reference 4-13) that the spectral range of
a fast-switched giant pulse laser is about five times as wide as the spectral
range of the same laser when oscillating freely, i.e., without Q-spoiling.
The beam pattern of the giant pulse laser is similarly about five times
broader, indicating the presence of a larger number of nonaxial modes.



Baker and Peters (Reference 4-14) demonstrated that transverse
modes may be suppressed and the directivity of the laser may be enhanced.
Their apparatus consists of a ruby with one external refiector with a mode-
selecting aperture at the common focus of two convex lenses placed between
the ruby and the reflector. The aperture eliminates radiation in transverse
modes since the latter are focused off the optical axis.

FLUCTUATIONS IN NEODYMIUM LASERS

Stimulated emission from the trivalent neodymium ion has been
observed in a number of ionic crystals and also in glass. The state of art
as far as it pertains to Nd in crystals has been reviewed by Johnson {(Refer-
ence 4-15) whose data are summarized here.

Tungstates, molybdates, and fluorides of alkali earths serve as host
crystals of neodymium, the most suitable crystal being CaWOy (Scheelite).
The relevant transition takes place from the 4F3 2 to the 4111/2 level. These
are actually multiple levels which split in the crystal field. Consequently a
variety of lines is observed all in the vicinity of 1.06 micron. In CaWQ4, for
example, stimulated emission has been observed at the following wavelengths:

At 77° K: 1.066, 1.0650, 1.0641, 1.0633, 1.0576.
At 295° K: 1.0652, 1.0582.

Thresholds for the different lines are different; the room tempera-
ture lines correspond to the second and the last of the low-temperature lines.
In different crystals the wavelengths are slightly different; they depend on
the charge-compensating mechanism attendant to the presence of Nd°% at a
divalent lattice site.

Neodymium certainly presents the physicist with a varxety of lines to
choose from; it also creates a problem of discrimination since at high level
of operation generally more than one line will be excited. Within each line
there is again a finer mode structure. The appearance of the modes is influ-
enced by the same factors which determine the similar, phenomenon in ruby.

Nd in CaWO,4 has been operated continuously at 85° K. CW neodym-
ium lasers with flat end plates operate with severe spiking. The spikes
account for over 90 percent of the output. With a confocal geometry, spikes
are present to a limited extent (amounting to less than 5 percent of total out-
put) at power levels slightly above threshold, but essentially no spikes are
observed at power levels well above threshold. The highest power level
observed for confocal rods of CaWOy: :Nd3* in CW operation is 0.5 watt.

Laser action of Nd ions embedded in glass was reported by Snitzer
(Reference 4-16) and Young (Reference 4-17). Spectroscopic data were not




published in great detail and data on the time variation of the output intersity
do not seem to be available either. It appears, however, that spikes are
present in the output and that the spectral range of the output is at least as
wide as in the case of Nd in ionic crystals.

FLUCTUATIONS IN NEON LASERS

Neon lasers are of interest in three spectral regions: in the visibie
at 6328 A, in the near-infrared around 1. 15 microns, and in the farther
infrared at 3. 39 microns. All neon lasers operate continucusiy. The inten-
sity of the output is reported as constant, but no data were published on

ensity fluctuations. It is to be assumed that spontaneous fluctuations of
intensity are not sufficiently large to interfere noticeably with the trans-
mission of signals by means of amplitude modulation.

Multimode operation is common in neon lasers, but there is no indi-
cation of mode instability, i.e., the switching back and forth between modes.
Conceivably such instability could be produced, but normally it does not seem
to be present.

The visible neon laser operates within a single atomic line at 6328 A.
The power output varies with the length of the tube and with the exciting RF
current. For a tube 1 meter long output powers between 1 and 2 milliwatts
were reported, while 2-meter tubes gave 5to 11 milliwatts. The doppler
linewidth A v which determines the maximum frequency range over which
oscillations may occur, is approximately 1.5 Gc. The occupied portion of
this range A 1s determined by the equation

AvpAn(L/ L)
Vb2

where L is the length of the laser and Ly is that length at which threshold is
reached (Reference 4-18). Longer tubes deliver larger output, but will do
so over a broader frequency band. It is possible to select a single mode
oscillation by the mode suppression device of Kogelnik and Patel (Reference
4-19).

A= (4-3)

No quantitative data were found on the frequency stability of the indi-
vidual modes of the 6328 A neon laser. It is highly probable though that the
situation is not very different from that observed in the case of the 1. 1523~
micron laser.

The frequency stability of the 1.1523-micron laser has been explored
in great detail by Javan and his associates (References 4-20 and 4-21). The
measurements included the generation of beat frequencies between different
modes of the same laser line as well as beat frequencies between two lasers.
In the latter case, extreme precautions were taken to ensure insulation from
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environmental disturbances. The following quantitative data are available
for operation under optimum condition:

The doppler linewidth for 1.15 microns is about 800 mc. Longi-
tudinal modes of a laser 1 meter long are 150 mc apart. Short
time frequency stability of a single mode is about 20 cps or 8 parts
in 1014, Resettability of a laser after shutdown or detuning is 0.5
mc. Power level, 0.5 megawatt. '

It is to be noted that 13 atomic lines of neon have been observed in
stimulated emission in the wavelength range extending from 1.08 to 1.52
microns. These are listed in Bennett's comprehensive article on gas lasers
{Reference 4-22). The 1.1523-micron line dominates the others. Most of
these are not seen unless the dominant line is suppressed or attenuated.

The spectroscopy of the 3. 39-micron line has not been extensively
developed. Stimulated emission occurs at this wavelength with a very high
gain. However, the construction of a workable laser has been hindered by
the large losses which are difficult to avoid in a laser at this wavelength.
A power output of 10 milliwatts has been reported (Reference 4-23), but no
information has been published on the frequency and power stability of this
laser.
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5. MODULATION SYSTEMS

INTRODUCTION

The choice of the modulation method for an optical communication
system is dependent upon the theoretical capabilities of the various possible
modulation techniques and the physical limitations of implementing those
systems. To evaluate fully the various modulation techniques, the trans-
mission characteristics of the channel and the signal noise effects of the sys-
tem components must be specified. This information is not completely
available at present although significant strides have been made toward the
solution of the optical communication transmission and detection problems.
It has been possible, however, to evaluaté and compare the various modula-
tion techniques for the limiting cases of noise sources. This has been done,
first, for all of the major modulation techniques considering only Gaussian
noise disturbances. Then, the most promising of these systems for optical
deep space communication have then been analyzed for the situation in which
the Gaussian background noise is negligible, and the system is limited by
signal detection noisc.

MODULATION TECHNIQUES

The many methods of laser modulation can be classified into three
essential techniques. The first transforms a source signal waveform into a
continuously variable modulation parameter. The second involves time
sampling with continuous modulation parameters. The third is characterized
by sampling time aad allowing the source signal to take on only a discrete
set of possible values. These three techniques are summarized in Table 5-1.

TYPE I MODULATION SYSTEMS

The communication systems of today utilizing Type I modulation
techniques employ modulation methods which vary the parameters of a sinu-
soidal carrier waveform. An entirely general discussion of modulation
systems would not necessarily be limited to such carrier waveforms; how-
ever, very little benefit, if any, is gained by assuming nonsinusoidal carriers.



TABLE 5-1. LASER MODULATION TECHNIQUES

i
Type I Type II Type III i

Time Continuous Sampled Sampled

Modulation parameter Continuous Continuous Quantized

(amplitude, frequency,

phase, polarity, etc.)

Examples . FM, AM PAM, PPM PCM

In considering the modulation methods, the condition that the carrier wave-
form is spectrally isolated from the modulation waveform must be satisfied.

Under these conditions the Type I modulation systems can be described by a
single equation,

g(t) = £(t) cos [wct + ¢(t)] (5-1)

where f(t) and ¢ (t) are functions of the input signal and are defined as the
modulating waveforms, and w_ is the carrier angular frequency. In the
equation f(t) is called the amplitude modulation of the carrier, 4(t) is called
its phase modulation, and the derivative of the instantaneous phase, ¢(t), is
called its frequency modulation.

In the Type I modulation systems, f(t) and ¢ (t) are continuous functions
of an input information signal x(t) which is to be transmitted. The functional
relationships between the information signal and the modulation parameters
are showninTable 5-2.

With optical communications it is possible to transmit information as
a continuous parameter of the polarization of a laser beam. At radio fre-
quencies, implementation problems have prevented this type of transmission,
but at optical frequencies electro-optic polarization modulators are available.
In terms of operational characteristics, it is expected that polarization mod-
u‘on will behave like amplitude modulation.,

TYPE 1II MODULATION SYSTEMS

In time-sampled systems a sample from a signal source is used to
modulate a carrier waveform so that at the receiving end of the communica-
tion link a sampled representation of the signal source may be reconstructed.
For a band-limited information signal of bandwidth B, the signal can be
sampled at a rate of 2B samples per second, and then faithfuliy reconstructed
at the receiver. In practice, sampling rates higher than the theoretical
minimum are often required because most signals are not truly band-limited.
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TABLE 5-2. FUNCTIONAL RELATIONSHIPS FCR CONVENTIONAL
TYPE I MODULATION TECHNIQUZ<S

Modulation Technique £(t) @ (t)
Amplitude modulation A(l + x(t)) Constant (or nearly so)
Amplitude modulation Ax (t) Constant(or nearly so)
(suppressed carrier)
Amplitude modulation Ax (t) Constant = ¢
(single-sideband, Plus
suppressed carrier) Ax' (t) Constant = ¢° + w2
Phase modulation A ax(t)
t

Frequency modulation A czf x(t) dt
a, A = constant

x(t) = input signal

+j0 jwt + X

1 2 ® -jwt
X'(t) = .2-11—'.]. e X(t) [ dt d(ﬁ
1 -0

_Jo'

x(t) shifted /2 radians over entire frequency range of x(t)

A sketch of an information signal and its sampled representation is—
shown in Figure 5-1. Also included in the figure is a sketch of the sampled
signal after it has been passed through a zero-order holding device. This
latter signal could be used to modulate directly some parameter of a sine
wave carrier.

With Type II modulation systems, however, it is not necessary to

restrict the choice of modulation techniques to those of amplitude, frequency,
and phase of the Type I systems. Waveform parameters are available for
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Type I systems which cannot be applied to Type Il systems. These param-
eters include the shaping of a transmission pulse in scme manner or the
variation of the time occurrence of a pulse. The commonly used systems of
pulse modulation.are listed below.

PAM — pulse amplitude modulation
PDM - pulse duration modulation
PPM - pulse position modulation

in optical communication systems a burst of the optical carrier is
transmitted rather than a pulse itself. The envelope of the carrier forms a
pulse, and it is the amplitude, duration, or position of this pulse envelope
that carries the transmitted information.

In pulse position modulation (PPM) the signal waveform is sampled at
equidistant points as shown in Figure 5-2. The signal is then coded to give
transmission of short pulses of standard height whose position in the sampling
time inverval carries the information about the height of the sampled wave-
form. There are several pulse coding techniques available and the selection
of a code depends on tradeoffs between bandwidth, peak signal to noise, and
average transmitter power requirements. Perhaps the most straightforward-
coding method consists of sending a single pulse whose position (i.e., time
delay) measured from the leading edge of the interval is proportional to the
height of the signal waveform. .

TYPE III MODULATION SYSTEMS

In Type IIIl modulation systems the signal parameter is quantitized and
the signal ig"time sampled. Thus, a finite number of waveforms will be used
to represent each signal sample. The smallest number of waveforms is, of
course, two. Modulation systems employing only two transmitter waveforms
are called pulse code modulation (PCM) systems. Systems employing a
larger number of waveforms have found little application in communications.

In theory the two transmitter waveforms of PCM could take any form.
For optimum detection the waveforms should be the negative of each other so
that matched filter detection may be employed. The usual forms of the trans-
mitted waveforms are rectangular pulses. As with the Type II pulse modula-
tion systems, a PCM transmission pulse is actually the envelope of the optical
carrier, PCM data can be conveyed by several other means: a burst of the
carrier or the absence of it, amplitude modulation, PCM/AM; ar optical
carrier of two possible frequencies — frequency shift keying, PCM/FSK; an
optical carrier with a 0- or 180-degree phase relationship — phase shift
keying, PCM/PSK; an optical carrier of right- or left-hand polarization —
polarization shift keying, PCM/PL,
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As was mentioned for the case of Type I systems, it is expected that
polarization modulation is analagous to amplitude modulation. For Type III
systems, under the assumption that noise perturbation to the optical carrier
and polarization state are identical, polarization modulation will be equiva-
lent to frequency shift keying from the standpoint of communication system
efficiency. In both modulation systems, two separate entities — frequency f;
and frequency f2 or right-hand and left-hand polarization — are detected.

It is believed that binary pulsed code modulation using opposite
senses of circular polarization offers good promise for efficient transmission
of information through a clear turbulent atmosphere. Lirnited factual support
for this premise is provided by the results of recent laser transmissions
over an 18-mile path between the Hughes Research Laboratories at Malibu
and a Hughes field station on Baldwin Hills near Culver City. While the am -
plitude of the received signal scintillated over about 10 db, the linear polariza-
tion of the transmitted signal was not changed by the propagation medium.
This was observed by a number of scattered measurements during the tests,
The results of these limited measurements are not conclusive; however, they
support what appears to be a reasonable view that atmospheric distortion
probably will not lead to the spurious generation of an appreciable component
of energy having circular polarization opposite in sense to that of the signal
radiated at the transmitter.

The extrapolation from linear polarization measurements to circularly
polarized radiation is believed to be reasonable because circular polariza-
tion is equivalent to simultaneous transmission of two linearly polarized
components which are in space and time phase quadrature. There appears to
be no evidence for expecting a significant amount of birefringence in the
atmosphere, or for a differential effect that will occur {or two orthogonally
polarized components which are separated only by 1/4 wavelength at optical
frequencies (i.e., circularly polarized radiation). This problem, however,
must be subjected to the scrutiny of careful propagation measurements before
adopting a scheme of circular polarization modulation for a fully operational
space communication system capable of working through the atmosphere.

The efficiency with which data are transmitted for PCM systerns is a
function of both the form of modulation and the type of detection. Coherent
reception in which a knowledge of the phase of a transmitter waveform is
utilized during detection offers a higher efficiency than noncoherent reception
systems. With phase modulation it is possible to determine the phase of a
transmitter waveform from the waveform itself througa means of differential
coherent reception. However, the derived reference will contain noise that
will degrade the efficiency of this system compared to the ordinary form of
coherent reception which utilizes a relatively noise-free local oscillator for
its phase reference.

In PCM communication systems, coding is often applied to the

sequence of source bits in order to reduce the probabiliiy of deccding errors
caused by noise corruption of the signal. Implicit error correction is
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achieved by the addition of redundant symbols to the message 5o that in the
presence of noise, the messages will differ from all other messages by a
maximum amount. Additionally, coded PCM transmission is the only modu-
lation system that offers a decrease in the energy required per information
bit transmitted for arbitrarily large ratios of bandwidth-to-information rate.

THEORETICAL COMPARISON OF SYSTEMS FOR ADDITIVE, GAUSSIAN
CHANNELS

To make an intelligent selection of a modulation method for an optical
communication system on a theoretical basis, some manner of rating the
various methods must be employed. One criterion that has been widely
a@@ied for space communications (Reference 5-1) is the maximization of
the information transmission rate, H, for a given average transmission error
rate, ‘Po. The efficiency comparison is based on a term designated as 3
which is defined by

B = fg‘i (5-2)
e H
where
PM = minimum received power required per bit
H = information rate (bits per second)
ez = noise spectral density

The term f3 is related to the ratio of input signal power to input noise power,
S:/N;, by
i/

S.

B=—ﬁ}'_' (5-3)
i

7| o

re B = channel bandwidth. Thus, for any system B8 may be found from
tiginput signal-to-noise ratio and ratio of channel bandwidth to information
rate.

A lower bound for 8 can be derived from the channel capacity theorem
of information theory:

S.
H = Blg (1 +-1;}i-) (5-4)

*All logarithms are to the base two.
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or in terms of Bo
H = Big (1+ B 2 (5-5)
o B
where Bo = limit of B for arbitarily small probability of error. Then,

H/B-1

B, =g 2B (5-6)

To analyze the various modulation schemes in terms of communication effi-
ciency a description of the noise sources must be assumed. The approach

to be taken here will be to assume additive white Gaussian noise for the
analysis. The effects of non-Gaussian noise are considered later. A further
condition to the analysis will be the assumption that analog data (e.g., TV,
voice) will be transmitted rather than basically digital data. The result of
this assumption will be the inclusion of a quantitization error due to the con-
version from analog-to-digital form for the transmission of data by digital
means. ' :

The following discussions contain the results of a communication
efficiency analysis of the basic modulation methods. The derivation of the
equations may be found in Reference 5-1 and will not be repeated here,

Amplitude Modulation

If the continuous AM channel is divided into L increments, the proba-
bility of error per sample, Pé. is

2(L-1)

P ==L - #la) o (5-7)
where
| [ x2/2 |
¢(-2) =~/57f.,. e dx (5-8)
= f—2 o | (5-9)
Lia N
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where

s - AL
o 12
A = maximum signal excursion

= g2 A
No = O = noise power

The information rate per sample, H', for So/No > 5 is

. S N
. H' == lg T° +0.7523 /== - 0.2346 {5-10)
o

(o]

For a suppressed carrier, coherent detection double-sideband ampli-
tude modulation systems the ratio of RF bandwidth B to information rate H is

L -
o | (5-11)

)

Thus,

B - __1_ <ib_.> (5_12)
coh 2H' Né

For incoherent double-sideband AM systems the value of 8 assuming
linear detection is

2 So -
Bincoh =?<_N—o—> ' (5-13)

for the input signal-to-noise ratio much greater than one.
A graph of 8 versus B/H for coherent and incoherent AM reception is
wn in Figure 5-3, Markers on the curves show the value of the informa-
tion rate, H.

Frequency Modulation

For frequency modulation the error rate per sample, Pe', will be
identical to that for amplitude modulation:

P =

2(L-1)
e L

¢ (-z)
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The information rate per sample, H', for SO/N > 5 is also of the same
form for frequency modulation. ©

1—1"—'-1-1f—9+o7523/-1:Ig 6 5
=5 lg R . g~ - 0.254 (5-14)
(o}

o

The value of B for frequency modulation for S;/N; > 16 is
2
B S
- L (2 2
= <Af> <N0> (3-13)
Qere

Bp

Af

1

data bandwidth

carrier frequency deviation

For operation at an input signal-to-noise threshold ratio of 16,

B=16 2 (5-16)

B is plotted against B/H for frequency modulation transmission in Figure
5-3. The communication efficiency is represented by a family of curves for
various values of the modulation index (ratio of maximum frequency deviation
versus data bandwidth).

Pulse Modulation

Pulse amplitude modulation (PAM) is basically the same as ordinary
amplitude modulation. For AM the carrier is a single sine wave, while for
PAM the sine wave and all its harmonics represent the carrier. As with AM,
PAM offers no improvement in signal-to-noise ratio for an increase in
signal bandwidth.

‘ The analog of frequency modulation for time-sampled systems is the
pulse position form of modulation. PPM offers basically the same improve-
ment in signal-to-noise ratio as FM. For PPM the improvement is

2 .
S /ot S,
= =-1—\——°> = (5-17)
N CZ\t N,

o R i



where

t
o]

sampling period

t pulse rise time

R

In terms of system bandwidth,

So _ 1 B \? Si 18

~ "3 8/ W (5-18)
o D i

The relationship of 8 versus d will differ by at most a constant from
the FM curves shown in Figure 5-3.

Pulse Code Modulation

For the PCM transmission of analog data the quantitization error due
to the analog-to-digital conversion process must be considered as well as
the error due to transmission disturbances. Under these conditions the
error rate per sample, Pe" for equal error contributions from the two
sources is :

‘ — l
Pe *L(LF1) ~ (5-19)

The information rate per sample, H', is

H' = 1g L - [t (L-1(2L? + 2L- 1))

1
ZL(L+1)

+1g(2L% + 20-1) - 1g (212 + 2L) ~ (5-20)

For a coherent detection scheme where the RF bandwidth is twice the
bandwidth of the modulating signal,

1 So |
B = 5 'ﬁ: (5-21)

For a noncoherent system where the input bandwidth is twice the data
bandwidth,
si
A= w
i



A plot of B versus « for coherent PCM is shown in Figﬁre 5-3.

The various forms of PCM carrier modulation (e.g. PCM/AM,
PCM/FSK, etc.) can be compared readily by determining the relationship of
the information bit error rate to 8. For a given error rate the most efficient
modulation method will be that which exhibits the lowest value of 5. The
relative communication efficiencies of the various PCM carrier modulation
techniques are shown in Figure 5-4.

Coded PCM

For the transmission of N messages in coded PCM, an equivalent of
2N PCM levels will be required. For square bandwidths, the bandwidth
neCessary to transmit the N messages f_times per second is B = fN/NZ.
The ratio of B/H is then given by n '

B
"= Zi.H ~ 2H (5-22)

The error rate per sample, P!, is
e

P = [2N-2] ¢(-2 (5-23)
where
SO
Zy = /N ~ . (5-24)

The information rate per sample is

(- _ ' - ' ' - t _ 1 -
H' = 1g L-P_ 1g(L-1) + P 1g P!+ (1-P ") 1g (1-P ") (5-25)

For a maximum likelihood detector the input signal-to-noise ratio
ired to provide an error probability, Pe’, is

S
i _2 2
. Ni = ] ZN (5-26)

Then from the definition of 8,

2
Z
B = N _ (5-27)
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For P' << 1
e

7, 2
N / ‘
lg 2N ‘ {5-28)

™
R

A plot of B versus a for biorthogonal coded PCM is also shown in
Figure 5-3. With the assistance of this graph it is now possible to make a
comparison of the general modulation techniques. The ''best' system in a
communications sense will be the one that offers the lowest value of 8 {mini-
mum power required per information bit) and B/H (bandwidtk-to-information-
rate ratio) for a given value of information rate. In this respect the
i‘rmation theory limit shows that the minimum value of 8 will approach
a iimit of 0. 693 for large values of B/H.

For high information rates the only system that apprcaches the ideal
is the coded PCM form of modulation. The price of such transmission is an
extremely high transmission bandwidth. For ratios of B/H equal to one the
PCM transmission technique is clearly superior to all other forms of modu-
lation. If the B/H ratio is further constrained to lower values, the FM and
then the AM modulation techniques come into consideration. For a given
information rate the coherent form of AM will always result in a higher
communication efficiency than noncoherent AM,

From the plot of relative communication efficiencies of various PCM
carrier modulation techniques in Figure 5-4 it can be seen that coherent
phase shift keying is the most efficient form of modulation. This is followed
by differentially coherent PSK and then by coherent amplitude modulation
and frequency shift keying. The noncoherent forms of AM and FSK are next
in order of efficiency.

PRELIMINARY SYSTEMS EVALUATION FOR ADDITIVE GAUSSIAN
CHANNELS

Before attempting the rigorous analysis of all of the modulation
techniques for nonadditive Gaussian noise effects it will be wise, because of
!lcomplexity of such an analysis, to limit the investigation to those sys-

s which offer the grea'est promise for deep space optical communications.

From the previous discussion it was shown that the coded and uncoded
forms of PCM offer the highest communication efficiency of the various types
of modulation methods available. For this reason the PCM studies should be
continued to take into consideration the effects of nonadditive Gaussian noise.
With PCM selected for further study the form of carrier modulation rmust be
selected. Figure 5-4 illustrates the fact that coherent detection modulation
systems are more efficient than incoherent systems. Unfortunately, coherent
detection at optical frequencies presents many physical and theoretical pros-
lems. Optical mixing or superheterodyning will be necessary to allow



coherent detection. Investigations and experimental effort in this area are
still in the very early stages. In addition, it is sugg=sted that the atmosphere
may create many difficulties for coherent reception cue to variations in the
phase of optical signals caused by atmospheric effects. For these reasons it
appears that only noncoherent reception techniques can be profitably consid-
ered for the next phase of the analysis.

The noncoherent reception systems shown in Figure 5-4 include
carrier amplitude modulation and frequency shift keying. It has been pre-
viously suggested that PCM polarization modulation is equivalent to PCM/
FSK. Frequency shifting of a laser output has been demonstrated, but no
practical modulation systems have been developed. Polarization modulators
and amplitude modulators have been developed into practical system
components,

Thus, by eliminating PPM, coherent PCM reception, and frequency
shift keying as presenting serious implementation problems for the construc-
tion of an immediate experimental system, the most efficient modulation
systems remaining are found to be PCM polarization modulation and PCM
amplitude modulation,

Since there is very little difference between PCM/PL and PCM/AM
in terms of communication system efficiency, the selection of the modulation
method must be made on a total systems basis considering the physical cap-
abilities of the systems. The transmitters of the polarization and amplitude
modulation transmission systems will utilize the same laser, optical systems,
and data processors. The possible physical differences in the systems will
be due to the modulators and associated modulator power supplies. Presently,
the most advanced amplitude and polarization modulators can be packaged to
weigh only a few pounds, with the polarization modulator being slightly
heavier than the AM modulator,

With radio frequency communication systems it is possible to trans-
form a weight differential, for systems to be compared, directly into
transmitted power. This is possible because the power output of a trans-
mitter is usually dependent on the input power and not on any inherent physical
limitation. However, with many of the present laser transmitters, and in
particular the CW gas laser, the power output is limited by physical factors
rather than pumping power. Thus, for the systems under discussion the
small weight differential will not be able to be transformed into transmitter
power.

An even more important consideration in system operation due to the
power limitation of the laser transmitter is the form of power utilization of
the modulation systems. Frequency shift keying transmits waveforms con-
tinuously, and the transmitter power which will be constant can be set at the
maximum power level of the transmitter. However, PCM/AM transmits a
waveform only for one of the binary symbols (i.e., binary one). Although
the average transmitted power of PCM/AM and PCM/PL will be equal for an



equal distribution of transmitted ones and zeros, the transmiiter must be
capable of transmitting a long string of binary ones. Thus, with the same
laser transmitter it will be possible to communicate with approximately

twice the average power with polarization modulation than with amplitude
modulation. By process of elimination, therefore, PCM polarization modula-
tion has been selected for more extensive study.

It was mentioned previously that in an additive Gaussian charnnel,

PPM will offer nearly the same communication efficiency as ¥ M. Under the
conditions of the so-called ''signal noise'' that is present only when the signal
is present, it would be expected that PPM would offer a significant improve-
.nt over AM and FM, This improvement will result because of the discrete

ure of PPM transmission compared to the continuous forms of AM and
FM. It should be noted that since PCM is also a discrete communication sys-
tem it offers this same advantage as PPM, Therefore, because of its
expected advantages in an optical channel subject to signal noise, PPM has
been selected for further study.

Even though the analog forms of modulation — AM, FM, and continu-
ous polarization modulation — are not high in the efficiency ratings, they do
offer the advantage of lower bandwidths, and with the exception of FM,
simpler implementation. FM is not presently feasible due to the same
implementation problems of frequency shifting that FSK has encountered.
Continuous AM and polarization modulation components have been constructed.
Since it is expected that AM and PL will offer nearly the same comrunication
efficiency, and since PCM/PL has already been selected for further study,
it was profitable to investigate continuous PL for comparison with the discrete
form of polarization modulation.

THEORETICAL COMPARISON OF SYSTEMS FOR NONADDITIVE, INON-
GAUSSIAN CHANNEL

The noise in an optical channel is caused by statistical fluctuations in
the signal as well as the rms fluctuations in the external noise sources.

This signal noise, of course, violates the assumption of additive uncorrelated
ise sources in the previous analysis. The extent to which the conclusions
that analysis are changed remains to be investigated in ar overall study

that includes the combination of all noise effects.

The second limiting case of analysis in which only photonnoise is
considered was presented in Reference 5-2. In this report a theoretical
comparison of three systems — PPM, continuous polarization modulation,
and PCM polarization modulation — is made on an information theoretic
basis. The information rates of the specific optical channeis are computed
and used for a measure of evaluation. The references to this mate:rial are
given below.

For information rates of pulse position modulated optical channels,
see Reference 5-2, pages 2l to 36. Information rates of continuous



polarization modulated optical channels can be found in Reference 5-2,
pages 37 to 41. Information rates of PCM polarization rnodulated optical
channels are given in Reference 5-2, pages 42 to 47.

PRELIMINARY SYSTEMS EVALUATION FOR NONADDITIVE, NON-
GAUSSIAN CHANNELS

In the analysis of modulation systems considering only photonnoise,
the PPM and PCM systems were found to be superior to the polarization
modulation form of transmission. This was also the case in the analysis of
the additive Gaussian channel.

For the signal noise channel it would be desirable to have a descriptor
of system efficiency such as the term B for the additive Gaussian channel.
At present, such a descriptor has not been developed, and gross comparisons
of the systems must be used. If only signal noise in a channel is considered,
and if the pulses to be transmitted in the PPM and PCM channels are identi-
cal, the PPM system will require less transmitter power per sample than the
PCM system. For a fixed sample period in which K values of amplitude
resolution of the information signal are to be transmitted, PPM will require

1g K/2 units of energy. On the other hand, PPM will require a bandwidth of
K/1lg K times as great as PCM,

REFERENCES

5-1. R. W, Sanders, '"Communication Efficiency of General Communication
Systems, " Proc. IRE (April 1960).

5-2. '""Study on Optical Communications From Deep Space,' Interim Prog-
ress Report, Hughes Aircraft Company, SSD 3340R, 27 March through
31 May 1963.

5-19



\
\

APPENDIX A5. NEAR-RANGE WIDE-BAND MODULATION

.

Cne potential use of the laser for communications is near-range
communications from an earth-orbiting satellite. Two possible systems for
this type of link have evolved: the continuous transmission channel and the
burst transmissior. channel. In the continuous channel system, data is simply
transmitted continiously, while in the burst transmission system, informa-
tion is stored and 'ransmitted over a short period of time in a low duty cycle
type of operation.

Both the continuous transmission channel and the burst transmission
channel attempt to utilize the large bandwidth properties of the laser to achieve
a maximum information transmission rate. The continuous channel system
operating in a near-range environment will not be subject to the bandwidth
restrictions of deep space communication systems caused by transmitter
power limitations. Thus, the same laser oscillator that would be usecd for
the deep space system can be applied to the near-range system with a sub-
sequent increase ia information rate for the same fidelity of transmission.
The burst transmission system operates at a low duty cycle and, therefore,
the transmission tandwidth which is the product of the information rate and
the duty factor will tend to be large.

Some of the problems associated with near-range wide-band modula-
tion systems are ciscussed on the following pages. The communication sys-
tem requirements in Table A5-1 have been chosen as an exarmple for tae
discussion.

TABLE A5-1. SYSTEM REQUIREMENTS

Information rate . 106 bits per seconc |
Range Near earth orbita:

Burst rate One burst per second

Burst diration 1 millisecond
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BURST TRANSMISSION OPLERATION

Burst-type communication systems have been proposed &s a means of
obtaining secure communications and easing the satellite tracking require-
ments. Requirement easing will be of great importance for extremely narrow-
beam systems for which beam tracking accuracy and stability requirements
are now severe. For such systems the receiver would search for and acquire
the transmitter beam and then lock on to it only momentarily to achieve
transmission.

For the requirements postulated, the burst transmission system will
gather data over a l-second interval, store it, and then transmir it to earth
in a single |-millisecond burst. The data may be generated by a single source
( ., 500 x 400 element picture in a 5-bit pulse code modulation) or multiple
sources (e.g., 25 4-kc voice channels in a 5-bit pulse code modulation). For
the megabit information rate, the transmission rate will be in the Gigacycle
range over the burst period. This high rate certainly places stringent require-
ments on all of the system components including the laser oscillator itself.
At these high rates the analog forms of processing and modulation are quickly

¢liminated, and the burden placed on the task for digital components will be
oreat.

Burst Transmission Modulation Techniques

The only discrete forms of modulation that are applicable to burst
transmission are pulse code modulation (PCM) and pulse position modulation
(PPM). Their advantages and disadvantages have been discussed previously
and will not be repeated except for the matter of the relationship of trans-
mission rate to information rate for the two systems.

With K resolution elements per data sample period, the transmission
rate, RpcM, for PCM transmission will be

Rpcom = NRy

information rete (inverse of sampling period)

@
e
!

Z
i

number of transmitted bits per sample

The term N is equal to the largest integer value of log K since an integrai
number of bits must be transmitted each sample perlod Similarly, for PPM
the transmission rate, RPPM’ will be

RPPM = K RI
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Then,

RppM | K
Rpem N

“Thus, for an equivalent sampling period, PPM will require a significantly
higher transmission bandwidth. Conversely, for systems of equal transm:s-
sion bandwidth, the information rate PPM will be lower than that of PCM by
the same ratio of K/N as shown in Figure A5-1. This will be a strong factor
in the selection of the modulation method for bandwidth-limited systems.

Information may be conveyed inaburst byan optical carrier constant
over the burst duration or by a carrier consisting of a series of pulses. For
the reasons stated in the previous general discussion of laser modulation
techniques, the present or near future discrete forms of carrier modulation
of a laser beam will be limited to PPM, PCM/AM, and PCM polarization
modulation.

Burst Transmission Laser Oscillators and Modulators

The continuous wave type of lagser oscillators can be made to operate
in a burst mode by simple carrier chopping techniques, but at a great loss of
efficiency. The present ''pulsed' lasers which produce a carrier when excited
by a flash lamp or pump current are much more suitable for burst communica-
tion purposes.

Solid-state lasers inherently produce spikes whi¢ch may be used for
information transmission. Typically, the spikes are of 1l microsecond dura-
tion with a repetition rate of up to 100 pps. The upper limit of the repetition
rate is governed by the natural frequency of the laser system. By increased
pumping power the limit can be raised somewhat, but the device efficiency
drops appreciably. The solid-state laser is, therefore, nearly two orders
below the postulated Gigacycle bandwidth requirements. :

Semiconductor lasers emit a light pulse whenever excited by a pulse
of pump current. The present repetition rate for high-power pulses for these
devices is well below 10° pps due to heating effects when the material is
pumped at high rates. This fact will restrict use of semiconductor lasers in
a burst communication system unless some method of heat removal from the
relatively small semiconductor junction can be developed.

Some effort has been made to smooth out the spikes of a ruby laser
over the burst period to obtain a constant carrier. The results have not been
too encouraging for burst communications; the resuliant carrier bursts are
uneven in amplitude and spectrallydegraded. It may be possible, however,
to utilize polarization modulation with the ruby laser. The neodymium? laser
offers some promise for burst carrier transmission, Bursts of 100 kilowatts
over a l-millisccond period have been obtained with reasonably good amplitude

3+
s N i :
I\d in glass,
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and spectral stability. Howe:ver, the problemns associated with repetitive
operation of the laser have not been deeply explored.

The internal techniques of modulation for the solid-state _asers, while
attractive from a power efficiency standpoint, arelimited to transmission
rates of about 1 megacycle. External methods of amplitude and polarization
modulation are possible up to the Gigacycle region of transmissionvandwiath.

Data Storage Limitations

Many scientific and nonscientific articles make claims, such as '"The
engre Bible can be transmitted in a fraction of a second on a single laser
b ."" In general. such claims are false not so much from deficiencies of
lasers, but from the physical limitations of the peripheral equipment of a
laser communication system.

if a laser burst system with l-millisecond bursts at a l-second repeti-
tion rate is postulated for one frame per second television (500 x 400 element
picture) each burst would have to carry 106 bits of information in a 5-bit
pulse code modulation. The modulation bandwidth for this amount of data is
within the limitations of the laser. However, for this system the data would
have to be collected and stored in the transmitter for a deadtime of nearly
1 second and then removed from storage and transmitted in 1 millisecond.
At the receiver the collection and storage tlrt’)ne would again be 1 millisecond.
The storage rate for such an operation of 107 bits per second is well beyond
the state of the art for storage media. Figure A5-2" illustrates the limits of
capacity for feasible storage systems. The storage requirements for pulse
code modulation television transmissions on a millisecond laser burst are
indicated by a cross on the figure.

What is a feasible limit for the amount of information carried in a
laser puise that can be stored by a presently available storage unit? From
Figurg A5-2 it can be seen that the maximum storage rate per bit of infor-

nation stored in the memory will be 1/0.8 microseconds for a memory
storage capacity of 10° bits for a magnetic core memory. For a millisecond

laser burst the number of information bits, N, that can be placcd on the pulse
will be

-3
N = 10 seconds = 1250 bits

0.8 x 10—6 second per bit

With a 50-nanosecond tunnel diode memory, the situation is sornewhat improved.

In this case N will be

“J.A. Rajchman, "A Survey of Computer Memories, "' Datametion, December
1962, pp. 26-30.
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-3
N 10 ~ seconds = 20,000 bits

50 x 10—9 second per bit

In both cases the storage rate available for tihe memories falls far
short of the 10° bits required even for one frame per sccond television. It
may be possible to improve this situation somewhat by time multiplex:ing
parallel storage devices or data sources and links. However, this approacx
soon leads to serious engineering design problems.

CONTINUOUS TRANSMISSION OPERATION

The operation of a near-range earth-orbiting communication system
does not cause ary theoretical problems in addition to those encountered by
the deep space system. The differences between the systems will be in the
components and will be caused by the larger transmission bandwidth of the
near-range system.,

The laser oscillators that seem most applicable for the near-range
system are the gaseous laser for CW operation and semiconductor lasers for
pulse and CW operation. The transmitter power requirements for near-
range communication which are in the milliwatt range are achievable by many
of the present-day lasers. The gas laser is capable of the megabit informa-
tion rate using pulse code modulation polarization or amplitude modulation.
The heating effects of the semicanductor laser, however, create problems at
the megabit information rate for both CW and pulse operation.

SUMMARY

Early in the development of the laser, burst transmission schemes
were proposed as a means of utilizing the "inherently large' bandwidths of
lasers. After further growth of the field, it can be seen thatthe utilization
of large optical bandwidths is not without serious problems. The picture
should not be painted too black, however, for with the neodymium and the
ruby laser, external modulation techniques, multiple data sources, and
multiple storage devices it may be possible to approach megabit information
rates over millisecond pulses. With such an information rate, voice, scien-
tific and cnginecering data, and picture transmission will be possible.

Near-range transmission on a continuous basis does not appear to
offer any appreciably serious problems for megabit information rate systems.
The most promising system presently appears to be transmission with a gas
laser, such as He-Ne and He-Xe, and solid-state lascer such as Dy CaWO4,

and Wd3 : Ca FZ , using pulse code modulation polarization.

* Nd2¥in glass.
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6. MODULATION DEVICES

’ INTRODUCTION

The following section presents a survey of the various available
modulation devices to determine their ability to provide amplitude, phase,
frequency, and polarity modulation for lasers suitable for deep space
communications. A general discussion of modulation mechanisms precedes
the preliminary evaluation of various devices.

Modulation devices may be classified as being cither internal or
external depending on whether the laser output is varied within the laser
itself or in a separate stage following the laser oscillator.

In internal modulation the effect is enhanced by the Q of the laser
cavity (ratio of stored energy in cavity to dissipated energy per radian of
oscillation) so that primary power requirements are generally smaller,
Moreover, there is no loss of laser signal already gencrated as is inevitahle
when the light intensity is varied external to the laser. Thus the overall sys-

I ~tem-efficiency could be expected to be greater.

Most of the present day problems stem from the relative newness of
the laser devices. Thus, for example, gas lasers must operate with a high
Q optical cavity, and attempts to introduce a modulation element into this
cavity can easily quench the oscillations altogether. In addition, investiga-
tors are still searching for means to improve the frequency and amplitude
stability of the laser. Thus it is natural that the various problems be sepa-
‘ rated and more ernphasis be placed on external modulation techniques as
laser technology is improved. Nevertheless, two distinct disadvantages of
internal modulation should be recognized. First, most of the techniques
result in a non-linear response of the level of oscillation with changes on
cavity parameters. More seriously, the bandwidth is limited by the high Q
of the optical cavity. The path of the average photon in a gas laser illustrates
the problem. Assuming 99 percent reflection by the output end mirror {and
100 percent reflection at the other end of the cavity), the average photon
makes 100 round trips within the laser cavity before being emitted. If this
cavity is 1.5 meters long, the photon requires I microsccond to escape. Thus
the modulation rate must be limited to less than a megacycle. Clearly, for a
given gain per unit length of the laser material, a tradeoff exists between
bandwidth and output power,
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.The properties generally descriptive of external modulation are just
the reverse of those attributable to internal modulation. ILarger bandwidths
and more linear responses are to be expected at the cost of low efficiency.
The comparison is appropriate when a particular effect is utilized to modu-
late the laser beam either internally or externally, With the above stated
characteristics in mind, a preliminary evaluation of these modulation methods
which have been investigated to date can be made.

Portions of the following discussion have appeared in the Third Interim
Report of the Deep Space Optical Communication Study and are referenced
accordingly:

‘ Third Interim Report — Pages 1-19
6.2 Intensity Modulation Mechanisms
6. 2.1 Electro-Optical Effect
6. 2.2 Pump Power Modulation
6.2.2.1 Semiconductor Laser )
6.2.2.2 Gas Laser
6.2.2.3 Solid State Laser
6. 2.3 Pressure Modulation
6.3 Polarization Modulation Mechanisms

6.4 Frequency and Phase Modulation Mechanisms—— —— ——— ——

6.4.1 Electro-Optical Effect
6.4.1.1 Frequency Modulation
6.4.1. 2 Phase Modulation
. 6.4.2 Zeeman Effect

6.4.3 Magnetostrictive Effect )

ELECTRO-OPTICAL MODULATORS.

Since the Third Interim Report therehave beenno major developments
in the field of laser modulation devices. The most efficient method of exter-
nal modulation at high frequencies still appears to be one which would employ
the electro-optical Pockels effect of certain crystals.



Electro-Optical Materials

The relatively low electro-optical coefficients of presently known
Pockels effect materials pose serious limitations on the index of modulation
and the power requirements at high frequencies. Mechanisms to enhance the
Pockels effect are the object of continuing investigation. The Fabry-Perot,
traveling wave, and multi-element cascaded modulators are some of the
mechanisms used,

Crystals which have the possibility of displaying electro-optical prop-
erties belong to either the ZZm(Vd) or the ?3m(Td) crystal symmetry
classes. To the first class belong the dihydrogen phosphates, so far the mos:
successful of the crystal modulators, Deuterated potassium dihydrogen
phosphate (KD*P) has the largest electro-optical coefficient of any material
known today (r = 1,7 x 10-11 m/v). It has also the advantage of being rela-
tively stable at room temperatures and easily grown in a laboratory., Among
its disadvantages are a high dielectric constant and loss tangent (45 and 0, 01
respectively) which limits its high frequency performance, the necessity of
applying the electric field in the same directions as the light propagation for
a maximum electro-optical effect, a narrow field of view (< 2 degrees), and a
spectral transmission which extends only to the near infrared (1. 2 microns).
Crystals of the 43m(Tq) class do not suffer all of these disadvantages. The
electric field is applied perpendicular to the direction of light propagation and
the field of view is large (<18 degrees). Copper chloride (CuCl) is such a
crystal. It has the largest spectral transmission of any Pockels crystal
known (0. 4 to 15 microns), However, its electro-optic coefficient is only
1.8 x 10-12 cm /volt. Sphalerite (ZnS) and (ZnSe) have a somewhat
larger electro-optic coefficient and a high index of refraction, however, in
all cases the crystals are very hard to obtain in nature or grow in a labora-  _

tory. Gallium arsenate (GaAs) crystals have also displayed a small Pockels
effect. Some organic crystals such as methenane (HMTA) and adamantane
belong to the ¥3m class. HMTA has proved (Reference 6-1) to possess
valuable properties as a light modulator., Its electro-optical constant is

7.1 x10-12'm/v, it is stable and easily grown, and its dielectric constant
and loss tangent are 6 and 0, 003 respectively,

Some crystals display non-linear dielectric properties at their curie
temperature. Potassium tantillumnate (KTaO3), for instance, has been
shown to have electro-optical properties comparable to the dihydrogen
phosphates (Reference 6-2). Its curie temperature however is near 4°K.,

Table 6-1 shows the electro-optic properties of the most important
crystals of both classes. The voltage required for half-wave retardation has
been calculated for both intensity and phase modulation as described in the
earlier report. It is noted that KD*P (deuterated potassium dihydrogen
phosphate) offers the lowest voltage for both applications. Sphalerite (ZnSs)
also has good possibilities as a modulator. Although its electro-optical
coefficient is low compared to the dihydrogen phosphate, its index of refrac-
tion is much greater, a fact that becomes more significant when raised to the
third and fourth powers as is the case in the applications studied. Further-
more, as point out earlier, cubic crystals like sphalcrite can be used with



TABLE 6-1. PROPERTIES OF ELECTRO-OPTIC CRYSTALS

KH PO NH4H2PO4 RbHZPO KH AsOi,i_

KD*P 2 4 4 2 ZnS | CuCl

 Electro-rg3 23.6110 8.5 11 11,6 — -
optical 14
constants — 8.6 28 — - 2 1.8
(10-7cm /kv)

Half-wave™
voltage, 3.41 7.8 9.6 7.3 6.2 8 18

!ovolts

Index of
refraction

- 1.509 1.524 — 1.567 |2.368|1.973

Dielectric

45 21 15. 4 15 21 8.4
constant

Trans-
mission 0.4- 0.4-

- - — — I
range, 1.2 0.4-1,2 0.4-12 ! 15

microns

Half-wave*™
voltage, 2.3 5.2 6.3 4.9 4.0 3.4 |{9.
kilovolts

et

v,‘,%ltageﬂecessﬁy;mﬂamdueeﬁhal{g&w&pha& retardation when light and

electric field are parallel to the optic axis ( A = 0.5 microns)

*%Voltage necessary to produce half-wave phase retardation when light travels
parallel to the y axis, is polarized along x axis and the E field is parallel
to the z axis.

‘ch larger apertures. Unfortunately, to date ZnS crystals are difficult to
obtain. Thus for laser beams in the 0.5 to 1. 2 micron spectrum the best
choice of Pockels effect modulator seems to be KD*P, It is, however, by no
means certain that there are not other materials, not yet developed, which
might offer better properties for light modulation.

Pockels Cell Modulators

Video Light Modulators

At low frequencies most Pockels effect crystals display relatively
strong piezoelectric effects. The piezoelectric strains cause additional phase




retardation. Above the piezoclectric resonaint frequency this effect 1s lost,
The resonant frequency is given approximately by the expression

a8
d

{f = ke {6-1)

where d is the crystal's square edge dimensions in inches. The change in
optical retardation before and after resonance is most pronounced in ADP.

In KDP, which has a lower piezoelectric coupling coeificient, the effect is
much smaller., A one-inch-square KDP crystal light modulator, for instance,
will be resonant at 48 kc showing approximately a 10 percent change 1n
response before and after resonance,

Since relatively large voltages are required to induce a significant
optical retardation the upper frequency limit in the sub-microwave region is
usually set by heating of the Pockels cell electrodes due to high RF currents.
To make an approximate estimate of the currents involved, the Pockels cell
may be considered a pure capacitance (the loss tangent is <0.05 percent). If
V is the maximum applied voltage, wy, the modulation frequency, and C the
capacitance, the RF current, I, that the electrodes are required to withstand
is

I=w CV (6-2)

The types of electrodes used may be either simple copper plates with holes to
allow passage of light to gold grids or rings designed to minimize fringing of
the electric field, The maximum current through the electrodes should be

kept smaller than 0,5 ampere. If C is the capacitancein pico-farads, V the maxi

mum electrode voltage in kilowatts, amd f the frequency-in-megacycles, —
EFquation 6-2 becomes

80 .
= I 6-3
Ci {6-3)
For a 4 cm? KD#P crystal Liecm thick the capacitance is
15,9
C = —-?-*-— [
1[
substituting in Equation 6-3
v = 2Lk (&-4)
t

This cquation is plotted in Figure 6-1. Video frequencies wita 100 percent
modulation are then possible since in the case of KD%P half -wave retardation
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is obtained with3.4 kilovolts. The Pockels effect may be enhanced by
stacking a series of Pockels crystals mounted electrically in parallel and
oriented in such a manner that their x - y crystal axes are at 90 degrees with
respect to one another, When two such crystals are mounted as shown in
Figure 6-2 only half of the voltage is necessary to produce the same effect in
one crystal. The modulation voltage is reduced by a factor ecual to the nam-
ber of stacked crystals used. The overall capacitance of the system is of
course increased by this factor. However, the required input current
remains constant,

The fringing of the electric field between the electrodes provides a
field in the transparent region. This introduces non-uniform phase retarda-
tions over the aperture and results in a higher voltage than that theoretically
calculated to obtain a given response. These effects will not be intollerable
ige modulator contrast ratio is not especially sensitive to the specific
rawardation.

The power dissipated in the crystal itself due to the loss tangent, or
dissipation factor, can be theoretically calculated. It is

P = w CV™ = w e"e%v (6-5)

where the parameters are the same as defined above and €' is the reactive
complex relative permittivity, For a KD*P crystal if A = 4cmé, d = Lcm,
V=1kv, wy=27x107 cps, €' =0.0l and e, = 8.85 x 10-14 fd/cm,

P =2mx107 x 1072 x 8.85 x 10°1% x 4 x 10° = 0.222 watt

~__a power dissipation which probably can be handled by the crystal. However,
power being proportional to the square of voltage, an increase in voltage may — — ~—
rapidly surpass the power limit of the modulator. Equation 6-5 is plotted in
Figure 6-3 for several crystal thicknesses.It is assumed that 0.5 watt is the
maximum power that a crystal of the sizes being considered can dissipate.
It is shown that at high frequencies 100 percent modulation will not be
possible,

' Perhaps the main limitation toward practical use of a Pockels effect
dulator at video frequencies is the power supply. It should have the follow-
ing minimum requirements:

Voltage: 1000 volts
Current: 0.1 ampere
Frequency response: Flat to 2 mc

Such video power amplifiers have been developed for TV transmitters, The

amplifier size is approximately 10 by 20 by 6 inches and would weigh 2 to 3
pounds. It requires a conventional 1000 and 300 volt dc power supply.
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One possible Pockels cell intensity modulator suitable for video
modulation could take the following form. To obtain 100 percent intensity
modulation with less than 1 kilovolt an arrangement similar to Figure 6-¢
would be used. If three such KD*P crystals were mounted using an optically
biasing quarter wave plate, a theoretical peak voltage of only 0. 54 kilovo:t
would be required to obtain 100 percent modulation. Using 2 ¢cm cube
crystals at a maximum modulation frequency of 5 mc the electrode current
and power dissipation would be kept well below the limit as shown in Figures
6-1 and 6-3, The unit could be mounted within a bath of mineral oil in a
quartz container which would facilitate cooling and reduce reflection lossecs.
The light modulator size would be about 2.5 by 2.5 by 10 cm and would weigh
about 2/5 pound.

Microwave Light Modulators

Light can be modulated at microwave frequencies by using the electro-
optical effect, Two-'general approaches may be taken to do this. One con-
sists in building a high-Q structure which would apply large field strength
across the crystal with relatively low power inputs. A high Q re-entrant type
capacitively loaded coaxial-line resonator has been used to build such a mod-
ulator at GC frequencies and few watts input. The high Q requirements of
such a modulator make the device inherently narrow band, A second
approach consists of making a traveling electric field interact with light prop-
agating through the electro-optical medium. If the velocity of the microwave
traveling electric field could be synchronized with that of the light beam the
Pockels effect would be enhanced resulting in the possibility of wide-band
light modulation and economical use of microwave power. Both approaches
will be studied below,

Resonant Cavity Modulator. A cross section of a cavity resonator is
shown in Figure 6-4, Its resonant frequency can be determined with reason-
able accuracy by setting the susceptance of the capacitance formed by the
crystal equal to the inductive reactance of the coaxial fransmission line
formed by the outer and center conductors, Due to the necessity of boring a
hole through the center of the cavity to pass a cellinuated light beam through,
design equations available for the conventional re-entrant cavity can only
approximate the actual characteristic of the particular physical configuration
employed., The cavity's resonant wavelength, shunt immpedance, and unicaded
Q have been derived (Reference 6-3), The RF lossces in the c¢rystal must be
taken into account by paralleling the shunt resistance with the dieleciric
resistance of the crystal R, where

1
R = —— (6-6)
c w_, Ctan )

tan & being the loss tangent. The power dissipated in the crystal is

p = meVZ tan 8 = w__e''e =V {6-7)
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A cavity resonant at 1150 mc having a Q = 1300 and tunable between 15 mc
(using a tuning screw) has been designed. Dimensions are shown in Figure
6-4. The electro-optical crystal used is KDP. Figure 6-5 shows a plot of
power input to the cavity and dissipated by the crystal as a function of percent
intensity modulation. The high Q of the cavity does not allow broadband mod-
ulation, For this particular cavity the bandwidth is

f 6
- m _ 1150x 10~ _ _
B = g - 1300 = 0,9 mc (6-8)

increase in bandwidth can be obtained by lowering the Q of t
reasing the power input.
The size of the cavity is approximately 30 cubic inches with a weight
of less than 5 pounds. Equipment to produce 10 watts at 1000 mc, including
power supply and temperature control devices, would weigh about 100 pounds.

Traveling Wave Modulator., Wideband light modulation can be pro-
vided by traveling wave interaction in the electro-optic crystal. The Pockels
effect is enhanced by making the polarized light beam travel in synchronization
with the forward component of the microwave field, In a KDP crystal the
speed of light is normally three times that of microwaves. To synchronize
the speed, a lightly loaded cylindrical cavity containing a Pockels crystal rod
of small diameter and excited in the TMgj 3 mode may be used. However,
the fact that most of the microwave energy is dissipated in the cavity and
therefore most of the stored field is located outside the rod makes this struc-
ture quite inefficient. Figure 6-6 shows a traveling wave modulator of this
type. The length of the rod is an integral number of half wavelengths. The
longer the length the stronger the electro-optical interaction., When the
velocities are matched, the forward wave provides a constant electric field
at a given point along the light wave train, while in the backward wave the
phase retardation cancels out.

Using a KDP crystal rod 0. 4 cm? by 3.4 c¢cm long, a bandwidth of
5 mc centered at 2700 mc was obtained (Reference 6-4). Figure 6-7 shows
the microwave power needed as a function of percent intensity modulation,
h 10 watts input power, over 40 percent intensity modulation can be
ieved. The weight of the modulator would not exceed 5 pounds. However,
estimated weight of associated equipment including power supplies to produce
10 watts at 2700 mc would run above 200 pounds.

The efficiency of the traveling wave modulator described can be
improved if the TEM wave would have most of the electric field in the electro-
optical crystal, In such a case the microwave structure could be made
essentially dispersionless, a necessary requisite for a widebaad light
modulator.

It can be shown (Reference 6-5) that the conditions for synchronization
can be satisfied when the modulating field is propagated as a TEM wave along



a plane-parallel guide, The optical z-axis of the crystal is oriented perpen-
dicular to the parallel planes. A traveling wave phase modulator can be built
using the principles previously described. The cross-secctional view of a
phase modulator is shown in Figure 6-8. The parameters are calculated
from the following relationships (Reference 6-6),

w(e1 - 1)
a = _.__._...__.nz — (6-9)
and
[a(a -w + e w):] 1/2
b= Z, 120 = (6-10)
where

e, = relative dielectric constant of crystal

index of refraction

o]
n

Z
o

characteristic impedance of transmission line

The length of the crystal, L, is directly proportional to the phase retarda-
tion, 8 . The relationship is as follows

L=—22 (6-11)

4. Ez
Also, it may be observed that the longer the crystal the smaller the field
strength required for a given phase retardation.
Figure 6-9 shows a plot of length of crystals required as a function of
electric field across the transmission line planes for various modulation

indices. Assuming the transmission line to be terminated by a matched load
the power (p) required to support these fields is approximately equal to

P = —— (6-12)

where the attenuation introduced by the electro-optical crystal is being
neglected.
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This is justifiable if

.For Z, = 50 ohms, X = 0.5 micron, and using a KDP crystal as a phase mod-
ulator the power requirements as a function of modulation index are shown in
Figure 6-10. The power input is relatively low if the crystal aperture is
small. Over the 100 cm length the transmission loss of light tarough KDP is
not negligible. Since the aperture of the modulation is probably smaller than
the laser beam width a recollimation of the light would be necessary.

To obtain phase modulation over wide bandwidths with relatively low
’vers a long modulator is necessary. The size of the modulator described
would be approximately 2 by 2 by 100 ¢cm and would weigh about 5 pounds.
The same modulator can be used at low or high frequencies. At 100 mc about
30 pounds of extra equipment to produce an output of 10 watts is necessary.

The length of the crystal may be reduced by having the laser beam
zig-zag across the microwave beam (Figure 6-11). The angle of incidence is
critical in establishing syncronization between the microwave and light beam
velocities. To obtain intensity modulation the incident light would have com-
ponents of polarization in both principal planes of the crystal. In this case
the neutral bi-refringence of crystals, like the hydrogen phosphates, limits
the optical pathlength severely since the beam is not along the optic axis. In
cubic crystals such as ZnS this limitation does not exist.

Fabry-Perot Modulators

One of the mechanisms proposed to enhance the electro-optical prop-
erties of Pockels effect crystals is the Fabry-Perot intensity modulator. It
promises wide-band modulation at reduced size and power requirements.

Basically it consists of an electro-optical material placed between
reflecting surfaces to form a Fabry-Perot resonator (Figure 6-12). If the
optical parameters of the electro-optical material are varied even slightly,

a considerable change in the transmission of the resonator is produced. This
becomes evident if the transmission equation of a lossless Fabry-Perot
sonator is considered (Reference 6-7)

I

_t. ! (6-14)
Io 4 R% .2 (277 an>
1 + ———— sin [ ———
(1-R&)?
where I, and I; are the respective incident and transmitted light intensities,

RZ is the power reflectivity of the reflectors, f is the optical frequency, L is
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the spacing between the reflectors, n is the index of refractior, and ¢ is the
vacuum light velocity. When, through the electro-optic effect, n is varieca
there will be a corresponding variation in I,

The transmission I¢/I, is plotted as a function of optical frequency f
in Figure 6-13. The transmission peaks occur when 27 fLn/c = m 7 where
m is an integer. They are thus spaced at frequency intervals equal to ¢/2Ln.
The peak transmission for the lossless resonator is 1 and the half power
frequency interval or passband (Af) can be obtained from Equation 6-14 by
making it equal to 1/2 and solving for f

A
o
i

s
%3]
N

. ~ R 27 Ln

When a varying component An cos wt is introduced in the index of
modulation of the electro-optic material, n=n, + 4An cos wt. Then,
assuming 2 7w flng/c =mm,

sinz (?:_Eﬂ-*_ﬂ) = sinZ <m7r Ln cos wt\ (6-16)
c n_ /

For practical cases m7An/n, < 0.1, allowing the approximation

g 2
sin2 <g—f—f-x-“~rl> ~ <m7r %2> coszwt (6-17)

c
o
Substituting Equation 6-16 into Equation 6-14 yields

t 1

I, 2 2
‘ o 1+ 4 R <m1;An> cosz ot

(1-R%)?2 o

(6-18)

Despite changes of An/n, in the order of 10-6 in the electro optical material
with a coefficient of reflectivity RZ = 0.9, the coefficient of cos? wt is close
to unity leading to large intensity modulation,

Equation 6-17 indicates that the intensity modulation rate is twice the
modulation frequency. It can be shown that linear modulation may be
obtained by introducing crossed polarizers and a quarter-wave plate bias at
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the ends of the Fabry-Perot resonator. For a lossless resonator, the trans-
mitted intensity then becomes (Reference 6-8)

mm (Il 4»R)2 An
2 2 n
l1-R : (6-19)

2 2
- <1rm (1 +R) An> o wt
2 l-R.Z n

1+ cos wt
I

t
Io

1
2

which has a component directly proportional to the change in index of
refraction,

The possibility of using a Fabry-Perot structure for intensity modula-
tion of a light beam is thus clear. In practice the Fabry-Perot resonator is
not lossless as assumed, but will introduce transmission and absorption
losses. If A2 is the fraction of light absorbed, N2 the fraction of light
transmitted and RZ the light reflected, the following relationship must hold

RZ+ N2+ A% =) (6-20)

Equations 6-14 and 6-19 are then modified by a factor

, 2
P% = a (1 . A > (6-21)
1 -RZ

resulting in a peak transmission I;/I always less than 1, & is a constant
which depends on the flatness of the reflectir 3 surfaces.

A figure of merit of the Fabry-Perot resonator is the contrast differ-

ence C defined as
I 1
C =<—5> -<—t—> (6-22)
Io max Io /min

Substituting Equations 6-21 and 6-14 into Equation 6-22 yields

2
C = PZ _.‘.1_.5__ (6-23)

(1+R%) %




It becomes quite evident that the reflectivity R2 plays an important
part in the performance of the Fabry-Perot modulator. To ottain high modu-
lation efficiencies the coefficient of cosé wt in Equation 6-1 has to be as
large as possible. This requires RZ to be close to unity. Cn the other hand,
the peak transmission and contrast difference must be as large as possible.
This excludes a high reflectivity and requires compromise.

Figure 6-14 shows the peak transmission plotted as a runction of the
coefficient of reflectivity. In order to obtain high transmission, the absorp-
tion A2 of the reflecting surface must be kept low. Figure 6-15 demonstrates
how critically the transmission depends on A%2/N2, 1If, for instance,

A2/NZ2 = 0,05, the absorption would be less than 0.5 percent when the reflec-
ivity is 0.9, a figure not easily obtainable in practice., The peak transmission
chen 0.77. See Table 6-2 for the properties of some of the dielectric coat-
| g materials used for Fabry-Perot interferometers (Reference 6-9),

TABLE 6-2. DIELECTRIC COATING MATERIALS

Loss in Multilayer
Material Refractive Index Stack, percant
Cryolite 1,35 -
ZnS 2,30 0tol
SbZO3 2.1 1 to 2
PbF2 1.8 0Otol

The other parameter of importance to obtain high transmission is the
tflatness of the reflecting surface. The flatness is measured as A/k where A
is the optical wavelength and k is a constant, In practice, the very best

te flatness feasible is X/100. However, it is possible that small areas of
flat surface have a k larger than 100, For laser light modulation only
small surface areas are required, and therefore a flatness of A/200 may be
possible. In Figure 6-14 the peak transmission has been plotted for ks equal
to 100 and 200, The improvement in transmission is evidenced in flatter
surfaces at high values of R2,

Figure 6-16 shows a plot of the factors which affect the contrast
difference. When f(R) and P2 are multiplied, C is obtained. It would
appear that C peaks at approximately R2 =0.7. For a flatness k = 200 and
AZ/N2 = 0. 05, the peak transmission is 0.9 and the contrast difference is
0. 87.
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In Equation 6-18 the modulation is affected by the reflectivity. The
coefficient of cos? wt should be as large as possible fo* maximum modulation
efficiency. It is proportional to g(R2) = R2(1-R2)-2 Figure 6-17 is a graph
of this function. At RZ = 0.7, g(R2)is only 7. 7. At RZ = 0.90 g(R2) has
increased to 90. At this value of R however the peak transmission and con-
trast difference have decreased to 0. 83, It seems reasonable to allow tais
loss of transmission for the marked improvement in modulation efficiency.
Throughout the rest of the discussion on Fabry-Perot modulators a reflec-
tivity of 0. 9 will be assumed.

The variation of index of refraction in electro-optical crystals of the
XDP type along their privileged axes is given by

An =i% n°3r E, cos wt = %

1 3
3 n ~r cos wt (6-24)

1

where E, cos wt is the electric field applied parallel along the crystal's optic
axis and r is the electro-optic constant.

In the following case, polarized light is incident at 45 degrees to the
privileged axis of the electro-optical crystal. The crystal is followed by a
quarter wave plate and an analyzer crossed with respect to the incident
polarization (Figure 6-18). Substituting in Equation 6-19 the transmitted
intensity becomes

_{E_ - Ei 14 B Vcos wt 2 (6-25)
Iy 2 1+ B2 V2 cos? wt
where
: 2
2
p? - (1- A )
1 -R2 .
and
fr(14R)% rn >
B = Q (6-26)
2¢ (1 -R2)

Expanding Equation 6-25 in series form resuilts in

I 2
7 pT (1+2 BV cos wt - BZV? cos® wt-4 B Vicos wit ...)

6-23
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It is therefore apparent from Equation 6-27 that for rminimum
listortion BV must be kept much smaller than unity, thereby limiting the
magnitude of the modulation index. However, at high modulation frequeancies,
the distortion is less severe than the equation would indicate since the har-
monic content of the transmitted intensity is further attenuated by the fre-
quency selective properties of the Fabry-Perot resonator.

If the modulation is to be in a digital form distortion is of secondary

importance. The quarter-wave plate of Figure 6-18 could be omitted in which
case the transmission equation becomes (Reference 6-10)

1 24,2

. ' t . p __B___‘L__w_ (6-28)
I [1+ B2vy2)2

J

where the parameters are as defined above. The light is 100 percent intensity
modulated when BV is varied from 0 to 1, the peak transmission occurring at
BV =1 for which

1 2
LA s (6-29)
IQ 4 .

When the analyzer is parallel with respect to the incident polarization
(Reference 6-4)

1
t . p? 1 (6-30)

1. 2v212
° [1+BV}

Peak transmission occurs at BV = 0 and is equal to P2, However, minimum
transmission is never zero and is limited by the maximum value that BV can

.ractically attain.

In Figure 6-19 the relative transmitted intensity has been plotted as
a function of BV for the three types of modulators discussed above. A
typical value of B is 10-3 (volts)~!, indicating a high voltage requirement for
large indices of modulation. For small values of BV the largest and most
linear variations of intensity occur when crossed polarizers and a quarter-
wave plate are used.
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Video Intensity Light Modulator

In a Fabry-Perot resonator capable of modulat:ng a light beam up to
video frequencies, the type of information to be transmitted is of the form:
v = V cos wt. The arrangement of Figure 648 produces a linear intensity
modulation. Disregarding higher ordev karmonics, from Equation 6-27 the
transmission becomes

I 2
—I-‘-=%——(1 + 2 BV cos wt) (6-31)
[s]

The modulation index is defined as

I I

= ...1_ t - L = J -
- KT_) () } (5-32)
o o .

max min

Substituting Equation 6-26 in Equation 6-32:

fwrn3(1 + R)2
x = 2 > v (6-33)
c (1 - R

Figure 6-20 is a plot of the modulation index, X, versus the applied
voltage, V, assuming P2=0.8, f = 5 x 1014 cps (N =0.6u), R% =0.9, and
KD*P is used as the electro-optic material (r = 1.7 x 10-11 m/volt, n, =
1.468). ‘

The percent distortion d has also been plotted in Figure 6-20. The
distortion is defined here as the ratio of second to first harmonic (d=50B V).
As mentioned above, the distortion curve is somewhat pessimistic since high
frequency second harmonics would be further attenuated due to the inherent
spectral character of the Fabry-Perot resonator, ‘

The modulation bandwidth is limited by the passband Af of the
resonator given in Equation 6-15. The maximum crystal length is thus fixed
by the modulation bandwidth. For KD*P a crystal length L = 4 cm would
allow approximately 42 mc bandwidth if R2 = 0.9,
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The power required will depend on the electrical circuit used o
excite the modulator. Figure 6-21 is such a circuit. R} and R are the
respective equivalent resistances of the electrodes and the crystal; C is the
crystal capacitance, and R3 is designed to be one order of megnitude larger
than the largest impedance of the modulator in order to maintazin a constant
input impedance as seen from the modulating source.

Assuming a 10 mm? cross section and 4 c¢m length the KD*P (¢' = 45)
modulator capacitance is

C=6es == 45x88x10"'% &L o g5
o L 4
R, is in general approximately 20 times larger than the impedance
resented by C. R being very small can be neglected. Thus,
R. = 0.1x 20 - 0.095
3 21 wC wC
The power dissipated is thus
Vrmsz Vims mes 2
= = + = . \% 6-34
P R R, R, 10. 55 wC rms (6-34)

This equation is plotted in Figure 6-22 as a function of the modulation
frequency « for several values of V. It is noted that 1.5 watts are required
to produce approximately 57 percent intensity modulation at 42 mc., The
relatively high power required is mainly dissipated by R3 whose only function
is to provide a constant impedance looking into the modulator circuitry. If
R3 could be avoided, the power requirements would be drastically reduced.

The temperature of the crystal changes when power is applied to it.
Assuming a uniformly heated rod which is long compared to its diameter, the
temperature rise AT can be written

2
AT = 1 we & AV (6-35)
4 o LZ K

where K is the thermal heat conductivity and &'' is the reactive complex
permittivity, For KD*P, K =~ 10~ watts/cu®K and &' =~ 0.0l &', yvielding
a temperature rise of 0. 04°K at 100 mc and 65-percent intensity modulation
for the crystal dimensio1s discussed above (A = 10 mm?, L = 4 cm). Changes
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in temperature will tend to change the index of refraction and the length of
the cavity, a serious effect at high modulation frequencies. Up to video
frequencies it is estimated that temperature changes up to 1°K can be
tolerated.

Microwave Intensity Light Modulation

In Equation 6-14 and Figure 6-12 the transmission of the Fabry-Perot
resonator peaks at frequency intervals f; equal ¢c/2 La,. Now the modulation
frequency is chosen to be f.. Under such circumstances the sidebands of
the intensity modulated light, f, would occur at fj + f; and as a result would
be transmitted by the resonator. It can be shown that tae sideband amplitude
is proportional to the modulation index, x, for small x. The power in the
first sideband is proportional to x% which is proportional to the microwave
modulating power, and the bandwidth capability is approximately Af. Thus
it is possible to obtain microwave intensity modulation at a frequency {; and
bandwidth Af.

The microwave field E, applied along the crystal's z-axis is now no
longer constant as in the case of the video modulator. It takes the form of a
cosinusoidal standing wave as shown in Figure 6-23. The standing wave may
be broken down into a forward and backward traveling wave, each moving at
the velocity of light in the crystal and having an amplitude E,/2 cos w;t.
Light traveling in the same direction as .the microwave field sees a constant
field amplitude and thus suffers a phase retardation. On the other hand, light
traveling in opposite directions to the microwave field sees a varying field
whose average effect is to cancel out phase retardations. Since the change of
index of refraction is proportional to the field, Equations 6-24 and 6-26 are
modified by a factor of 1/2.

Modulation at microwave frequency does not cause an increase in
power requirements as compared to the video modulator previously discussed.
The reason for this is that the modulation power of the video modulator is
mainly dissipated in R3, the resistance required to maintain a constant load
impedance. At microwave frequencies cavities may be tuned at the modula-
tion frequency. The minimum bandwidth of the microwave cavity will be
limited by the dielectric Q of the electro-optic crystal, The power require-
ments are then mostly contributed by the crystal's power dissipation.

The power dissipated by the crystal is

1 n A 2
2 w e e I (Ez L) (6-36)

where w; is the microwave modulation frequency fixed by the length L of the
Fabry-Perot resonator, ¢, is the free space dielectric constant, &' is the
reactive permittivity constant of the crystal, A is its cross-sectional area,
and E, is the applied peak microwave electric field. The factor 1/4 arises

from a time and space average of the microwave standing wave pattern.
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The relationship between the applied field and the modulation index is
now

x = 1.07 1073 E, (6-37)

Assuming parameters similar to those of the video modulator, the
required modulating frequency is found to be

w. = 27 < = 2w x0.256x1010radians/sec {6-38)

1

T
2 Lng

when ‘L = 4 cm. At this frequency, assuming a crystal dielectric Q of 100,
the minimum microwave cavity bandwidth is 25. 6 mc. To obtain 50 mc mod-
ulation the cavity would have to be loaded to a Q of 50. For this to hold, it
is assumed the complex permittivity has increased to a value &' = &'/50,
which for KD*P is approximately 0. 90, Substituting these values into
Equation 6-36 yields

p = 0.435 x° watts (6-39)
which is plotted in Figure 6-24. Only 150 milliwatts are required to obtam

60 percent intensity modulation at 2, 5 gc.

Polarization Modulators

In polarization of the light transmitted by the Fabry-Perot modulator,
the incident light may be linearly polarized at 45 degrees to the privileged
x and y axes of the electro-optic crystal. Under these circumstances the
optical vectors transmitted can be shown to be

A P
0

A = :
. 'x JZ2 J1i+(BV)2

sin (2w ft - ta.n" BV)

A P K
A = o sin (27 ft+ tan~ BV)

v T 7 Sirve (6-40)
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where Ay sin 27 ft is the incident polarized optical vector, V is the applied
voltage, P is the transmission and as previously definec

3 2
+ R .
B = Ifn'r (1 ) (6-41)

2¢c (1 -R2)

The transmitted optical vector thus becomes elliptically polarized due to the
phase difference between A, and Ay. To restore linear polarization, Ay and
Ay should be out of phase by mw (m is an integer), that is 2 tan~' BV = mr.
TKis would evidently require an infinite value of BV, Circular polarization,
however, is possible, when 2 tan~' BV = m# /2. Then BV = 1/ /2 for m = 1,
and the required voltage can be easilg calculated. When f = 5 x 1014 cps,
n=15, r=1.7x10-1m/v, and RZ = 0.9, by substitution into Equation
6-41 B =5.4x10-3 volts -1 and V = 130 volts. The circular polarization is
right- or left-handed depending on the polarity of V. Unfortunately, the trans-
mitted intensity does not remain constant but is also dependent on BV. From
Equation 6-14 it can be shown that

I 2
L S P . 0. 53
Iy 1+ (BV)2

assuming circular polarization and P% = 0. 8.

Digital communications are most suitable for polarization modulation,
For instance, 1 and 0 bits could be characterized by right- and left-hand
circular polarizations of the light beam.

For an idealized digital polarization modulator the voltage, current,
and power waveforms in the electrical circuit have been drawn in Figure
6-25. The bit rate S is equal to T-1l, the inverse of the waveform time
period. Assuming a 4 ¢cm long, 0.1 cm? cross section, KD*P Fabry-Perot
modulator, the capacitance is 0.1 pfd, and the voltage necessary for circu-
lar polarization is 130 volts. The average power requirements are then

2

= cvés = 1.75x10°7s (6-42)

pav

and if T = 0.1 T the peak power is

5 = 20CV%s = 3.5x107%s (6-43)
m

Equations 6-42 and 6-43 are plotted in Figure 6-26.
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’ /l+ BZV2 cos wt

Fabry-Perot Phase Modulator

The phase retardation obtained in an electro-optic crystal when
subjected to an electric field is a consequence of its change of index of refrac-
tion, which in turn governs the velocity of light propagation through the
medium. Equation 6-40 showed that in a Fabry-Perot struciure a beam
polarized along the privileged x-axis of the crystal will be :ransmitted as

PA
ox

Atx = > sin (27 {t - 8} (6-44)

where & = tan-' (BV cos wt) is the phase retardation, Agx 8in 27 ft is the
incident polarized optical vector, and V cos wt is the impressed voltage along
the z axis,

For values of BV < 0. 4 the approximation 8 ~ BV cos wt can be made
with a 5 percent error and linear phase modulation is possible. Note that
since a phase retardation is necessary along only one of the privileged axes,
the direction of light propagation need not be along the z axis as in the case of
intensity and polarization modulation. It could be along the y axis, for
instance, as long as the plane of polarization was parallel to the x axis and
the electric field of course was maintained parallel to the z axis. The elec-
tric field along the z axis in this case becomes

where d is the crystal length in the z direction. The electric field accounts
for the change in index of refraction. Assuming video modulation, the
parameter B now becomes

3 2
’ o p - 7fnrL(1+R) (6-45)

2 cd(l-R%)

which is an improvement of L/d over Equation 6-26.

As in the case of polarization modulation the transmiited intensity is
reduced by . '

1 p2
. T - o0.86pP% (6-46)
Iy 1+ B2V2
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for BV = 0. 4. The voltage required is then only 7. 4 vslts when L = 4 cms,
d = 0. 4 cms, and the variation of intensity is 14 percent, If Equation 6-44 is
expanded into its harmonics by making use of Bessel functions and the
approximation

1 B

2
\[l+ BZV?‘ <:os2 wt

cos  wt (6-47)

the following is obtained:

4 ]

2 2
A, = <1- (B‘;) )JO(BV)sinZWft+ 3 (BV)[:(I- (BV) )i-;:}

(BV)Z Jo (BV)
4 2

sin (27 f+ w)t+ gin (27 f 1+ 2w)t {6-48)

where harmonics less than 0. 01 have been neglected. Even for BV = 0. 4 the
first sideband is less than 11 percent of the carrier and the second side-
band is less than 2 percent. The modulation is quite weak, even when the
bandpass of the phase modulator is designed to accept the second sideband of
the modulation. For modulation bandwidths up to 25 mc a 4-cm long Fabry-
Perot resonator may be used. The light is propagated along the y axis and is
polarized along the x axis. The voltage along the z axis is impressed across
the thickness of the crystal (0.4 cm). Figure 6-27 shows the modulator. The
power requirements at video frequencies are computed making electrical
circuit assumptions similar to video intensity modulation. From Equation
6-34 the power dissipated is

2

p = 10.55 wCV
" rms

{6-49)

which is plotted in Figure 6-28 for different indices of modulation (i. e. ,
values of BV). The power requirements are seen to be only a few milliwatts,
an insignificant amount when compared with other types of modulation.

By introducing the Fabry-Perot resonator into a microwave structure
the modulation frequency may be increased to that of the frequency interval
between the transmission peaks of the resonator as previously discussed.
The modulation sidebands are made to coincide with the transmission peaks.
The modulation bandwidth however, is still limited by the resonator's
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passband. The power requirements may be calculated using “quation 6-36
which only takes into account crystal losses. Assuming L = 4, the modalation
frequency is 2.5 gc and

1 m2 2
-~ we_ €' L —— = 144 m“ milliwatts
4 o 2B2

which for modulation indices m < 0. 4 is always less than 25 milliwatts.

If digital information is to be transmitted, the phase modulation need
not be linear and larger values of BV can be tolerated., However, phase
hifts equal'to 7/2 are not possible because of its dependence on tan-' BV,
} d\ phase shift equal to 7/3, for instance would require 32 volts. The trans-
mitted intensity would be 20 percent.

Comparison of Electro-Optical Modulators

The Fabry-Perot modulator imposes two important constraints on the
laser light which are not present in other types of modulators., First, it
must oscillate in only one axial mode or, if not that, the axial modes must be
separated by at least 2f. The linewidth of the laser emission must of
necessity be orders of magnitude smaller than Af. In addition, the beam
must be well collimated and perpendicular to the reflecting surfaces. A
diverging beam would transmit the typical Fabry-Perot fringes. To ensure
that most of the light is transmitted in the central fringe, the beam spread
should be smaller than 10 minutes of arc, a requirement reacily met by most
lasers.

The Fabry-Perot modulator requires considerable care and skill in
its construction. Its transmission is sensitive to flatness and absorption.
The laser beam must be kept as narrow as possible so that a surface flatness
of k = 200 can be found. Parallelism between the plates is also essential.

The performance of two types of electro-optic intensity light modu-
lators can be compared in two cases: ‘

@

| 2) The electro-optical crystal is not within a Fabry-Perot resonator.

1)  The electro-optical crystal is within a Fabry-Perot resonator.

In both cases light is assumed polarized at 45 degrees to the privileged axis
f of the crystal and followed by a quarter-wave plate and analyzer crossed with
respect to the incident polarization.

In the case of the Fabry-Perot modulator, the light transmission up
to video frequencies is ‘

3
I 2 fr rn 2
PRI S <1+ o (1+R) V cos wt> {6-50)
2 € (1-R2)
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whereasincase 2the transmission has been shown to be

It TZ 2frrn 3
R <1+ ~ % v cos wt> (6-51)

The factor of improvement between cases 1 and 2 can be measured by the
ratio of the coefficients of cos wt in Equations 6-50 and 6-51

2 2
p= BE_ U+R) (6-52)

T 2(1-R2)

T? is caused by reflection losses at the surface of the crystal due to improper
matching and for small crystal lengths is usually 0. 9 for practical cases.

P2 is given by Figure 6-14 and depends on the reflection coefficient R2, p is
significantly dependent on the reflection coefficient due to the (1 - R2) factor
in the denominator of Equation 6-51. For R2 = 0.9, we cbtain p ~ 16, which
indicates that for the same modulation index, the Fabry-Perot resonator
consumes (T4/P4) pZ ~ 361 less power.. The advantage is somewhat offset
by the greater distortion introduced when the modulation index is large.

As discussed previously, the modulation bandwidth of the Fabry-Perot
resonator is limited by its length. Long lengths, on the other hand, are
desirable because the capacitance of the crystal i8 reduced and thus the
power requirements decrease. The length of the crystal does not limit the
bandwidth in case 2. For equal power requirements and bandwidth, the
length in case 2 would have to be p“ times longer than the Fabry-Perot
resonator, However, the difficulties associated with fabricatinga long rod of
electro-optical material are great, and over long lengths the losses in light
transmission through the crystal are considerable. The transmission as a
fuaction of length is roughly

I

t L
— = exp - — 6-53

when L is in centimeters.

Since the power requirements in case 2 are large, the bandwidth and
modulation index will ultimately be limited by how much power the electrodes
and the crystal can dissipate, It will be assumed that 0. 5 watt is the maxi-
mum power a 4 cm x 0. 1 cm? crystal can dissipate the maximum bandw:dth
and modulation index for a KD*P crystal are then related by x2 w = 27 23 x
106, The bandwidth is thereby limited to 28 mc for 100 percent modulation.
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To compare intensity light modulators at microwave frequencies, the
microwave Fabry-Perot and traveling-wave intensity modulato:s previcusly
discussed will be considered.

Using the linear intensity modulation configuration of Figure 6-.9 for
the traveling -wave modulator, the transmitted intensity is

Lo r (1 + ef 7r n 3 E L, cos wt \} {6-54)
Io 2 c (o) z t /
' .1ere a microwave mode has been assumed such that
L
t
f Ez dl = Eth (6-55)
o .

E, being the electric field applied along the crystal's z-axis, L; the length of
the traveling wave structure, and T2 the light transmittance through the
crystal,

In the case of the Fabry-Perot modulator

3
—I—” i} _Pi - fr rno (1+R)Z

IO 2 C 2(1 —RZ)

Esz cos wt (6-56)

where again an assumption similar to Equation 6-55 has been made. Com-
paring Equation 6-56 and 6-54 the following figure of merit is obtained:

2 (1+R)® L

p= 2 ! (6-57)
) o T2 4(1-R%) L,
The light transmission for KDP is expressed in Equation 6-53. Thus for
RZ = 0.9
2 _
P” = 0.8 exp (- L¢/35)
T? = exp (- L /35)
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Substituting into Equation 6-57

L
- f ]
P = 7.6 —I:';— exp [(Lt - Lf) /35} (6~58)

Figure 6-29 shows a plot of p as a function of the length of the traveling-wave
modulator, Ly, for lengths of the Fabry-Perot modulator Lg equal to | and
4cm., For Lfi=4cm, p is always larger than 2 regardiess of the length of
the traveling-wave modulator. The power requirements for both modulators
become equal when 2 (T2/P2)2 = |, which corresponds in this case to

Lt = 38 cm, assuming similar impedance matches in the microwave structures.

The Fabry-Perot modulator however is limited in modulation frequency,
modulation bandwidth, and index of modulation whereas the traveling-wave
modulator is limited only in how well the microwave and light velocities can
be matched. For Lf = 4 cm the modulation bandwidth of the Fabry-Perot
modulator is 50 mc. If Ly is reduced to 1 cm the modulation bandwidth of the
Fabry-Perot resonator is increased to 330 mc. The power requirement then
becomes twice as large as that required for a 19-cm traveling-wave modula-
tor at the same modulation index. The transmission for a 19-cm traveling-
wave mcdulator is T& = 0,57, whereas that of the 1-cm Fabry-Perot
modulator is P2~ 0. 80.

In the case of polarization modulation, a linearly polarized light vector,
Ag sin 27 i t, will be incident upon a modulator and inclined at a 45-degree
angle to the x-y axes of the electro-optic crystal., When the Fabry-Perot
resonator is removed, the transmitted optical vectors are

A
A =T sin (27 ft - 3)
x /3
A
A =T sin (27 ft+3) (6-59)
y V2
where the phase retardation, & = f n3r V/c. The incident linearly polar-
ized beam becomes elliptically polarized. When the total phase diiference
between the vectors is 20 = 7/2, circular polarization results. When
23 = m, the emergent beam is linearly polarized and crossed with respect

to the incident polarization. The voltage required for circular polarization is
hence

V 2 ——— (6-60)
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When a Fabry-Perot resonator is used, the voltage required iz {from
Equation 6-41)

2
v = 1 -R 2¢ 1 (6-61)

(li»R)2 wfn3r 2

Comparing Equations 6-60 and 6-61, it can be noted that the Fabry-Perot
voltage requirements are smaller by a factor of

2
® p = Q54U+R)° 5, (6-62)
(1-R2)

for RZ = 0.9.

The considerable power advantage of the Fabry-Perot modulator
should be weighed against its transmission loss. The transmission of the
Fabry-Perot modulator is approximately 0. 50 for circular polarization,
whereas without the resonator the transmission is 0. 9 or better. The multi-
element cascade method can be used to reduce the modulator driving voltage.
As described above, the electro-optic crystals are mounted in series with
their x-y privileged axes alternately rotated 90 degrees. The polarity of the
voltage impressed across each crystal is also alternately reversed. In the
case of digital polarization modulation, the voltage necessary to produce
circular polarization is thereby reduced by a factor, 1/m, where m is the
number of crystals used. Assuming the usual parameters, 2600 volts will
produce the quarter-wave retardation necessary for circular polarization
when one crystal is used without the Fabry-Perot resonator. If the number
of crystals is increased to m = 26, the voltage is reduced to 100 volts. The
total capacitance of the device is

coe'A
C = 26 --—-'I-;—""“ = 34,5 pfd

where A = 0.1 cm%, L= 0.3 cm, and ¢' = 45,

The average and peak powers required can now be obtained by sub-
stituting into Equations 6-42 and 6-43

2 7

P CV®S = 3.45x 10

av

S (6-63)

20CV3s = 6.9 x10°°

i)
"

S (6-64)
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These equations are plotted in F igure 6-30. The power requirements of tae
Fabry-Perot modulator are still smaller by a factor of 50 when Equations
6-42 and 6-44 are compared,

There is no reason why a cascaded modulator of :he type described
above could not be fitted into a Fabry-Perot resonator. For an m-element
modulator, the voltage required for circular polarization would be thereby
reduczed by a factor m. The capacitance of the device however, is increased
by meé, :

so that the power requirements remain equal (see Equation 6-42). Neverthe-
less, the very low voltage necessary for circular polarization when m is
large and the relatively low power required make this an attractive method of
rmodulation when a 50 percent loss in transmission can be tolerated.

When light is polarized along the x or y axis of an electro-optic
crystal the phase retardation is |

wnafr'L A"
z
cd

3 = (6-65)

where Vg is the applied voltage along the z axis, L is the crystal length in
the direction of light propagation and d is the crystal length across which
V. is applied. For phase modulation the electric field and the direction of
light propagation need not coincide. Comparing Equation 6-65 to the phase
retardation in a Fabry-Perot modulator {Equation 6-44),

(1+R)% L, L
£ o= = 19 e~ (6-66)
2(1 -R%) L, Ly

where R% = 0.9. The Fabry-Perot phase modulator thus has significant
voltage and power advantage over the same phase modulator with the Fabry-
Perot resonator removed. This advantage however is limited by the unavoid-
able intensity modulation, the low modulation index for linear modulation,
and the relatively narrow bandwidth of the Fabry-Perot resonator. When the
Fabry-Perot resonator is removed these disadvantages do not exist and the
modulation powers can be made comparable by making the length of the
electro-optical crystal longer.
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Conclusions

The most important and perhaps single advantuge of the Fabry-Perot
modulator is its low voltage and power requirements. Regardiess of the tyne
of modulation the voltage necessary is at most 10 volts and the power require-
ments never exceed 0.5 watts. This would indicate that the information to be
transmitted could be applied directly to the modulator from the data proc-
essing system, thereby minimizing the size and weight of the equipment.
However, the merits of the Fabry-Perot modulator must be weighed against
its significant shortcomings. First, the light transmitted is attenuated. The
minimum attenuation hoped for seems to be 20 percent, which requires very
flat surfaces and very low absorption coating materials, Secend, the quality
of the modulation is poor in that considerable distortion is introduced when
the communication system requires linear modulation. Third, the laser beam
must be well collimated, operate in a stable single mode, and have a line
width orders of magnitude smaller than the Fabry-Perot passband., These
disadvantages do not exist or are not as pronounced in the other mechanism
discussed. However, the power requirements are generally two orders of
magnitude greater. This means that additional equipment in the form of
voltage and power amplifier is required to convert the modulation information
frorn the data processing system to a sufficiently high voltage and power level
to drive the modulator.

Table 6-3 shows a comparison between modulators which differ by
whether a Fabry-Perot resonator is employed or not. The different param-
eters are computed on the basis of using KD*P as the electro-optical
c¢rystal and light at a 0. 6 micron wavelength. The different modulators are
not necessarily designed for optimum performance but simply to serve as
guide and a means for comparison. Under total equipment size, weight, and
power requirements a very rough estimate has been made. These figures
do not include prirae power equipment,
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APPENDIX A6. LASER INJECTION DIODE SIGNAL PROCESSING

The limitations of utilizing a laser injection diode for pulse position
modulation transmission in high information rate systems are due both to
physical limitations of the device itself and also to the limitations in the laser
diode signal processing equipment. These problems are discussed on the
following pages.

PPM TRANSMITTING SYSTEM

A conceptually simple method for accomplishing the conversion and
operating a laser injection for PPM transmission is shown in Figure A6-1,
The operation is as follows: An information signal is gated by a clock pulse
so that it charges a small capacitor which discharges through a resistor to
produce an exponentially decreasing voltage, the initial value of which is the
information signal voltage sample. The time for this voltage to decay to some
fixed value is proportional to the logarithm of the input signal. The voltage
on the capacitor is used to hold an avalanche transistor in the cut-off condi-
tion. Jusi after the input sample is applied to the small capacitor, the B+
voltage is applied via another gate to the energy storage capacitor of the
laser and to the avalanche transistor. The decay of the stored information
signal voltage eventually will allow the avalanche transistor to conduct, and
the laser will flash. The time delay of the laser pulse is thus proportional
to the logarithm of the information signal voltage,

PPM RECEIVING SYSTEM

The signal processing in the receiver would be somewhat similar, If
an exponentially rising voltage (i.e., a positive exponent) could be generated,
e.g., if the exponential buildup of an oscillator could be utilized, direct
inverse processes could be employed. . However, it appears best to work
from the complementary time interval. At the time of arrival of the signal
pulse a capacitor voltage decay can be initiated; then the voltage present on
the capacitor at the end of the sample period {(less any necessary reset period)
represents the transmitted signal. A clock pulse gates out the information
signal by sampling this exponentially decaying capacitor voltage at the correct
instant. This technique is illustrated in Figure A6-2,
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SIGNAL PROCESSING LIMITATIONS

Some of the difficulties involved in signal processing a diode laser for
PPM transmission are discussed below., The analysis presented is for the
basic system outlined previously. As a design example the following system
requirements have been chosen for a reduced data rate, real-time TV com-
munication link. They correspond to the PPM system discussed in the
Fourth Interim Report of the Deep Space Optical Communications Study.

1) Transmission of 5 x 107 nautical miles.

2) Sampling rate of video signal, 2 mc.

3) Pulse width of laser output, 5 nanoseconds.

4) Average power output, 12 watts.

5) Duty cycle, 1 percent,

The basic approach to this problem has been to restrict the system to
all requirements except the power output and then to maximize this power

output.

Laser Injection Diode

A few basic assumptions and their limitations must be made about the
diode laser before proceeding further, It will be assumed that the diode is
Gallium Arsenide, having an energy gap of ~ 1.5 electron volts with 100 per-
cent quantum efficiency. An average power output of 12 watts calls for a
1. 2-kilowatt pulse, which in turn requires 800 amperes through the diode
during the 5-nanosecond pulse.

Extrapolating from the present figures on existing diode lasers, the
following limitations for the above assumptions are found:

1) To produce diode lasers capable of 800 amperes, fabricating
techniques must be improved to make the p-n junction area
larger by a factor of 30,

2) Since present diode lasers have a bulk resistance of approxi-
mately 1 ohm, the widened junction area would reduce this to
0.03 ohm. However, even with such a small resistance, the
average power dissipation is about 200 wa:ts; compared to the
12-watt power output, there is a 6 percent efficiency.

'3) Most important is the requirement demanded of a cooling system

to conduct away 200 watts of power from the bulk resistance of
the diode laser,
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Pulse Operation of Avalance Switch (See Figure A6-3)

The avalanche switch shown in Figure A6-1 utilizes the following
sequence of operations: :

1)

) @ °

3)

4)

Initially the avalanche transistor operates at (Vg = V,, I = 0).
The video sample is gated into C, so that Ig < - Ip), biasing the
transistor into cutoff. The supply voltage is then gated across
the storage capacitor, Cg, charging it up to Vy; the locus of

ope ration is now (VGg = Vi, I = 0). As the voltage across C,,
decays, sodoes the base current Ig until it eventually reaches a
threshold current -Ig); the locus of operation now switches up to
position 1,

As the base current continues to decay below -Ip], the knee of
the collector characteristic is moved below V], and the locus of
operation must switch up to position 2. Physically speaking,
before this threshold is reached, the base current supplies a.
reverse saturation current for both the collector and the emitter
diodes. As the base current reaches -Igj, it can no longer
supply a reverse saturation current for the emitter diode; thus,
the emitter diode becomes forward biased, injecting minority
carriers into the base, These carriers diifuse into the collector
junction where avalanche multiplication begins to take place.
Some of the additional current flows through Rp, increasing the
forward bias across the emitter junction, This in turn increases
the carriers injected into the collector for further multiplication
until position 2 is reached. The switching time is limited only by
external circuitry,

At position 2 there is effectively a voltage supply Vz in series
with a resistor R} and a capacitor Cg, which is charged up to Vy;
thus, there is a resulting R-C decay to position 3, the time of
this transition being given by t] in Figure A6-3,

At position 3 the collector current I forces the voltage of the
capacitor to decay below V2, forcing the locus of operation off
the characteristic and down to position 4. Again the time of
transition is limited only by external circuitry.

) , In general, the operation of the switch involves collector voltages of
2Uvolts or more, which means that the transistor must dissipate 20 to 50

times the power output of the diode laser. This reduces the efficiency of the

system by at least another factor of 20. If a single avalanche switch is to be
utilized in the above operation described, and if a laser output power of 12
watts is to be achieved, transistor technology will have to be greatly
improved with respect to higher power capabilities and possibly lower ava-
lanche voltages.
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Control Gates

With present-day technology, it is extremely difficult to design a
power gate that will switch high currents in times of nanoseconds. The best
gate that can be achieved is a transistor, switching between saturation and
cutoff, supplying 500 milliamperes in a switching time of 150 nanoseconds.
[f 100 nanoseconds is included for charging the capacitor, there is a total
"deadtime'' of 250 nanoseconds due to the power gate alone (compared to the
sampling time of 500 nanoseconds).

To avoid this deadtime difficulty, two such systems may be energized
alternately, thus allowing a 500-nanosecond charging time for the storage
capacitor in each system as shown in Figure A6-4. With such a configuration,
howeyxer, both diode lasers must be focused in the same direction. This will
req additional optical equipment.

The signal gate shown in Figure A6-5, with a switching level stable
to 0. 002 volt for the avalanche transistor, will require a maximum video
signal of only 0, 2 volt, which may be gated into capacitor Cy in a matter of
40 nanoseconds, This gate is the only unavoidable source of deadtime in the
system and, therefore, efforts must be made to minimize its switching time.

The inductance in the storage capacitor must be limited to very small
levels to achieve proper circuit operation for small storage capacitors of
\000 forless. Similarly, the lead inductance in the discharge circuit must
be held to extremely low values, Calculations indicate that to allow 800
amperes with a rise time of 1 nanosecond in ordinary wire, only 10 microns
of wire per volt will be allowable, Thus, special packaging and the use of
coaxial cable will be necessary for the discharge circuit,

SUMMARY

1) Laser diode junction areas should be wider by a factor of 30 to
carry 800 amperes in a 1 percent duty cycle for PPM. Net
efficiency of the diode laser itself would be 6 percent, assuming
100 percent quantum efficiency. Assuming there is a2 wider
junction, a cooling system is required to conduct 200 watts of
power away from the bulk resistance of the diode laser.

J . 2) For linear or logarithmic compression in a PPM system, a
threshold switch is required. For the example system, 800
amperes are supplied by this switch with a rise time of 1 nano-
second. At the moment, the only known device to come close to
the requirements is an avalanche transistor. However, the best
available avalanche transistor for the PPM system must dissipate
at least 20 times the power output of the diode laser. It will
reduce the efficiency of the system by at least a factor of 20.
Transistor technology needs improvement with respect to higher
power capabilities and lower avalanche voltages if the avalanche
switch is to be used in producing an average laser power output of
12 watts.
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3)

4)

5)

6)

High-current, high-speed switching is required to supply the
storage capacitor in the system, Transistors most nearly meet
these specifications; however, unless two systems are used
alternately to allow for the limitations of the transistor, a 50
percent deadtime must be tolerated which is involved in charging
the capacitor. For this type of operation additional optical
equipment will be needed to position the laser beams.

Presently, a deadtime of 40 nanoseconds must be allowed for the
switching time of the signal gate transistor; this is assuming a
switching stability of 0, 002 volt for the avalanche transistor.

The result of the deadtime is to further increase the system band-
width and switching speeds if the system information rate is to

be maintained at the same level as for a system without deadtime,

Careful consideration must be given to the discharge circuit with
respect to packaging since even small values of lead inductance,
and inductance in the storage capacitor will degrade the operation
of the system. ‘

With the alternate system, an avalanche switch current of 15
amperes, a pulse width of 10 nanoseconds (1 percent duty cycle),
a deadtime of 40 nanoseconds, a 1/2 watt transmitter power out-
put may be achieved, To increase the system power output some
consideration should be given to the possibility of placing several
avalanche switches in parallel, with respect to both the input
signal and the supply. This may alleviate the current limitation
of the switch,
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7. DEMODULATION TECHNIQUES

Demodulation, decoding, and detection are used here synonymously
to denote the recovering of the information encoded in the electromagnetic
field propagating from the transmitting to the receiving apparatus. In this
context many devices known as ''detectors' are not really detectors but per-
form some '"predetection' function. In a superheterodyne receiver the
so-called "first detector' acts as an amplifier and frequency translator while
the real detection takes place in the '"second detector.'" On the other hand,
in a video receiver, detection takes place immediately in the first stage,
while a bandpass optical filter may or may not be employed in front of it,

The optical receiver not only uses components that differ from those
in the video receiver and performsfunctions similar to those performed by
the corresponding components in a microwave receiver, but its ultimum
detection sensitivity is governed by the uncertainty principle.

Ultimate detection sensitivity has been discussed in the literature
(References 7-1 through 7-5) but a clarification of the problem is still
desirable. The noise is described in Section 8. Here, the various types of

‘detection will be discussed and their principles of operation identified, par-

ticularly the power signal-to-noise ratio (S/N) for various conditions of
noise. Then the ultimate detection sensitivity which may be obtained from
each will be examined and the advantages and disadvantages of each outlined.

VIDEO DETECTION

The operation of a direct detection receiver is illustrated in Figure
7-1. The incoming signal of average power P, of the receiver passes through
an optical filter of bandwidth B; cps and impinges on a photosensitive surface
resulting in a current output: :

(7-1)



where

n
s

1]

1]

quantum efficiency of the photosensitive surface
charge of an electron

frequency of impinging photon
P

o

= number of photons of frequency v per second composing
the signal

=
<

The signal power in the output, referred to unity resistance for
simplicity, is:

S =il = (nqm,)? (7-2)

The noise is composed of:

1)

2)

Background noise caused by unwanted sources radiating at the
frequencies of the passband of the input optical filter. These are
considered usually as blackbody radiation at a temperature char-
acterizing the background. For the frequencies under considera-
tion, only temperatures of the order T>>hv/k make appreciable
contributions to the noise. In general, for a background at
temperature T, the background incident power on the photo-
detector with an input filter of bandwidth B, is:

Pb = kaBi (7-3)

This is equivalent to an average number of background photcns:

F kT
= -_b__b
" *%y - hv Bi (7-4)

which give rise to a background current

kT

.. 5 7p
b TMeR, By (7-5)

Thermal noise due to the resistive element of the detector

N, = 4kTB° (7-6)

T
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where B is the bandwidth of the componen:s after the detector,
and R has been taken equal to unity,

3) Shot noise caused by dark current _i_d in the detector, for fre-

quencies less than the reciprocal of the transient time of an
electron from the emitter to the anode

Nd = Zqu Bo (7-7)

4) Quantum noise due to signal and background incident power on the
photodetector. Because there is no correiation between signal
and background photons, the total number of photons incident on
the photodetector is(ng + ny,) resulting in an average current in
the detector's output:

T = 7nq ('r—ls + ﬁb) (7-8)

This average current results in a shot noise, called quantum
noise

— - ~ 2 -
I\eq = 2q1 B = 2nq (n_ + nb) Bo (7-9)
The total noise is
N = N_ + Ny + Nq (7-10)
and the signal-to-noise ratio,

_ 2
S (vqns)
N TKT ¥ 2q(iy + na(m, + A0 B (7-11)

Here the dark current may be referred as equivalent ohotons in the input of
the photodetector,



and obtain

=2
(nq@,)
(4kT + 29 q“(fig + Ay, + nqg) 1B,

S . :
N (7-12)

As already mentioned, the effect of the thermal noise is negligible; therefore,
4kT may be neglected. Then

) . nisz

S |
=

— - — (7-13)
Z(ns+nb+ nd) Bo »

If the number of background and dark current photons is assumed to be very
small in comparison to the number of signal photons, Equation 7-13 may be
modified to give

¥ -7 (7-14)

HETERODYNE CONVERTER

In the heterodyne_receiver (Figure 7-2) the incoming signal is of
the sameaverage power Ps at the receiver, and it is characterized by an
angular frequency

w = 2wy
8

’ ‘The instantaneous power at the receiver, provided that the signal is sinu-
soidal, of the above frequency is

P = A coszw t (7-15)
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where A_ is the amplitude of the electromagnetic field. Let the instantane-
ous power of the local oscillator laser, operating at an anguiar frequency
wy = 2 Vo be

P, = Af; 8in® (wt+ @) (7-16)"

where Ao is the amplitude of the locally generated electromagnetic {field.

The half transmitting, half-reflecting mirror M/2 has a transmission
i 77/4 1

.4 -
coefficient 7—-e =e~! . Thus on the

v

) .hotodetectors No. 1 and No. 2, the incident instantaneous power, respec-
ively,is

and a reflection coefficient

0
n

1 ” . T N2
1 2[:As cos(wst = 4) + Ao sm(wot+ ¢ + 4)J

=L by i 72
I-"2 = Z[As cos(ust+ 4)+A° sm(wot+ ¢ -4)J (7-17)
If both photodetectors have identical quantum efficiencies 7, their outputs
will be:
ﬂqpl ) nqu .
WP Twe 0 27 T (7-18)

Here it is assumed that w_ is so close to w_ that the photon energies of the

signal and local oscillator are-approximately equal. Now in the differential
amplifier, of current amplification G, the difference i - i2 is formed, and
in its output is realized a current

] _ ] .oy 7nq
) . i,=Gli;-i,) =Go(P -P,) (7-19)

*Here sin (u t+ ¢) is used instead of cos(wyt + @) to facilitate calculations
compensatmg the phase change of the local oscillator wave due to mirror M/2.
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but
(P1 - pz) = —-sin Zust + —5 sin 2(‘*"ot + &)+ AOAscos L("“'s "”o) -4

-~

After the filter. which eliminates all frequency components higher than
S = W -w_ ., the signal current

. 7q -
ls = G WAOAS cos (Bt -d ) (5-20)
is obtained. The signal power, referred to a unit resistance load, is

A
2

2,2
o s

(7-21)

- IRV — O \2 A
s = i% = <%ﬂ> A% p2 cosq8t - @) :(G gq)
i 0O s hy

provided that wg = w, 18 much larger than the bandwidth Z*rBo of the circuits
following the mixer,.

The average power of the signal is’

A2
s

Ps = '-z— (7-22)
and the average power of the local oscillator is
Po W _ (7-23)

Hence the expression for the signal may be written as

<Gn )2 - =
s=2{33) PP (7-24)
v

§ O

If, instead of the signal in the input, there were background noises of power
spectral density J (v ), only components within a bandwidth Bo centered at



the local oscillator frequency v _ would affect the output (after :he bandpass
filter). Hence only a backgroung power

I_5b = \Jf(v)Bo ' {7-25)

ka -1
v(v) :[exp <v> - l]

will be considered as entering the detector and will result, according to the
derivation above, to a background noise power

where

2 |
(G 5 B
N, = (-&-ﬂ) PP (7-26)

The average current out of each photodetector that can be attributed
to incident signal and local oscillator intensity is

- - m = - 2 2_ o ko I
1 T hv P1 - Z%t/ (As+ Ao)’ 2'?1_3(135+ Po) )

To this may be added the background average incident power P} to obtain
the following equation for average current from each photodetector

- =29 (P + P 2n®
i= 542 (P + P +PF) (7-27)

.his results in shot noise power, referred to a unit resistance load, from
each photodetector expressed as

- Bt - —nﬂ P P P -
N 2qiB (Ps+ P°+ Pb)Bo (7-28)

*Note that Pp here is given by Equation 7-25. It differs from the Pp used in
the video detector where the bandwidth used was Bj.



Moreover, if the internal dark current is of an average value .i'd, which may
refer to the input at the photodetector as a dark current noise input power

'pd = 2hy/nq Td’ it results in dark current shot noise power

= 2q71 =19 P -
Ng = 2q7 B -E;—PdBo (7-29)

The total shot noise for each photodetector is

2 .
= =12 (P P P P -
Ns Nq+Nd ;.; (Ps+ P0+ Pb+Pd) B0 (7-30)

Therefore, from Equations 7-26 and 7-30, the total noise in the output of the
bandpass filter is

?_Gz qz_ _ _ - 2G222__
N = 2Ns+ Nb = ——-—ZL—hy (Ps+ P°+ Pb + Pd)B°+ —J_&hzvz Pb Po (7-31)

From Equations 7-24 and 7-31, the signal-to-noise ratio is

s 771:15P
N

o)
huBo (PS+PO+Pb +Pd)+’7PbPO

(7-32)

When the power of the local oscillator I)o is increased the signal-to-noise
ratio becomes

nP npP
"§N'= hy B fn’P’ * (b + ‘;( 1B (7-33)
o b : o)

Heterodyne detection eliminates all the noise sources except the quantum
noise hv and the portion of the background noise which falls within the band-
width of the output low-pass filter (Equation 7-25). Also, it is easier to con-
struct a bandpass filter in the intermediate frequency 3 = w - W, than a
bandpass filter in the optical frequencies. The bandwidth Bo of this filter
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should be sufficient to accommodate all the sidebands created oy modulating
the transmitting laser, and the doppler shifts and drifts of the transmitting
and locally used laser. For low background noise, as it is expected to be,
the terms 7 Pb may be neglected and

2= (7-34)

hv Bo Bo

ps obtained. This form of detection yields an improvement of 3 db over
ideo detection (see Equation 7-14).

HOMODYNE DETECTION

The homodyne receiver is diagramed in Figure 7-3. The balanced
mixer on the right-hand side is identical to the one described for the hetero-
dyne receiver. Here, however, provisions have been made so that the local
oscillator laser operates at the same angular frequency as the incoming

signal, i.e., Wy = wg. Then the signal current (see Equation 7-20) becomes

sk
i, =G %Ao A cos ¢ | (7-35)

and the associated signal power (to unit resistance) is

— 2 2
.2 2 2 .2 2 G - - g F
S =i"=G (1‘1> Ao As cos ¢ = 4(—%‘1) Psg Pocos2 b (7-36)

‘ The total noise is still given by Equation 7-31. Here, however, the

ignal current is at the baseband: the bandwidth B, is centered at zero
frequency. Hence a low-pass filter of bandwidth BO/Z is employed. Thus
the signal-to-noise ratio after the assumption of a strong local oscillator
signal is

S 2nP coszd 2nP cosz¢

_ s s

== —B.. = = [hv N w(u)]B (7-37)
2T 2 o

*In reality ¢ is not the phase difference between the local oscillator and signal,
because the local oscillator should be 37/4. lagging in phase in relation to the
signal to compensate for the effect of the mirrors in the phase of the trans-
mitted and reflected waves. This constant phase difference is ignored here

to facilitate discussion.
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Hence, the signal-to-noise ratio is a function of the phase dificrence ¢
between the incoming signal and the locally generated one. For ¢ = 0 :he
maximum signal-to-noise ratio is obtained

s 2n P
2. -8 {7-38)
N [%1+ 4,(1,)] B
If ¥(v) <€ hv/2, as is expected,
J o s . 7% ., e (7-39)
N B, "B -

hv-zQ ..2_0.

From the above it follows that it is important to have the local oscil-
lator laser working at the same frequency as the incoming signal, and more-
over to synchronize it in phase. To this end a closed-loop phase-lock
system is employed, taking advantage of the fact that the information rate
necessary to maintain phase lock can be made negligible in comparison to the
signaling rate, provided that transmitting and local lasers are of sufficient
frequency stability, This may be done, as illustrated in Figure 7-3, by
diverting a fraction e of the signal power P_ into the auxiliary balanced
mixer No. 2. The compensating plate C is rotated, to change the path length
from the local oscillator to mixer No. 2, so that when the phase difference
¢ is zero at mixer No. 1l it is + #/2 at mixer No. 2.*

The output of mixer No, 2 after the low-pass filter No. 2, which is
identical to the low-pass filter No. 1 with bandwidth B ig*%*

- Ja ; -
lq = GZ - GAO As sin ¢ (7-40)

This output now is subtracted from ig (Equation 7-35) in the differential
amplifier No. 3, If

——= e (7-41)

*See the footnote pertaining to Equations 7-35 and 7-36.
*%B = Bo/ 2.
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is arranged and unit current amplification factor for ampi.fier No. 3 is
assumed,

2Ginq
IC B h

. ” \ \
Ao As sin (Z - dj (7-42)

1s obtained at the output. This current, which depends orn 4, may be utilized
to control the phase of the local oscillator.

The response time of the phase-lock loop is determined by the band-
width b of the low-pass filter No. 3. If it is assumed that the rate of change
of the phase difference ¢ is a fraction { of the signaling rate, B, then

b ={B

may be set. The more stable the lasers employed for transmission and for
the local oscillator, the smaller [ is,

The relation between { (measure of relative frequency stability of
lasers) and e (fraction of signal power réquired to extract its phase infor-
mation) is a matter of further study. That they should be related is evident
from the intuitive notion that the larger the instability of the lasers (measured
by L), the larger the information required to specify their phase relation,
and the greater the amount of power (measured by e) that must be utilized.

DETECTION LIMITS

In the detection process a square law video detector may be employed
directly, followed by a low-pass filter of bandwidth B,. At its output a
signal-to-noise ratio given by Equation 7-12 is realized. In the presence of
a strong interfering background, the number of background photons allowed
to reach the detector should be restricted. This can be done by permitting
only photons from a very small angle cone containing the signal source to
reach the detector (by the entrance optics or more generally by the antenna)
and by allowing photons entering from this cone to reach the detector only if
they are within a certain energy interval. This energy interval is completely
specified by its extreme frequencies as a frequency interval called bandwidth.

The "filter" which is employed in front of the detector may be either
completely passive or active. The passive filter allows any photon within its
bandwidth to pass unimpeded, while the active filter, sometimes called an
amplifier, enhances the photons allowed to pass, giving out more photons
than are incident on the filter input. This enhancing can be accomplished in
a number of ways:
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1) All incident photons within a certain bandwidth may be amplified.
In the presence of background photons, this amplifier does not
improve the ratio of signal-to-background photons in its pass-
band. As a matter of fact, this ratio is degraded due to the
internal noise of the amplifier.

2) All incident photons within a certain bandwidth are not only equally
amplified, but also translated in frequency, usually downwards.
Also, internal noise problems here degrade the signal-to-noise
ratio.

3) The signal photons are amplified more than the background photons
by utilizing certain properties of the signal. This kind of ampli-
. ‘ fication, sometimes called "coherent, " improves the signal-to-
noise ratio.

In principle, cases 1 and 2 do not differ. If it is assumed that the amplifica-
tions involved can be done without introduction of internal noise, they should
be equivalent to passive filtering.

A closer examination reveals that for the case of linear amplification,
in the sense that input quanta are linearly related to output quanta and pnase
relationship is preserved, the noiseless linear amplifier is physically
unrealizable (Reference 7-3) because it Vviolates the uncertainty principle.
The result is that even if the thermal noise is ignored, a valid assumption in
cooled amplifiers working at very high frequencies, there still remains a
source of noise characterized byaspectral density hv (Reference 7-4). This is
called '"quantum noise. "

Case 2 does not differ from case | in principle. Case 2 clearly refersto
heterodyne (frequency translation), and its analysis reveals that it has the
same signal-to-noise ratio performance as the ideal linear amplifier
(Reference 7-5). On the other hand, it can be seen from Equation 7-34 that
for unity quantum efficiency (7 = 1) the noise spectral density is hy. This
is the quantum noise in a perfect heterodyne. The analyses above have been
made under the assumption of an ideal detector employed at the output. By
ideal detector is meant a conceptual device which performs with the limit of
the uncertainty principle, i.e.,

) @

An A= (7-43)

1
2
where An is the rms fluctuations in the number of photons and A ¢ is the rms
phase fluctuation,

Case 3, however, is different in the sense that use is made of scme-

thing known about, or extracted from, the signal, In the case of the homo-
dyne the discussion between H. A. Haus et al,and B. M. Oliver (Reference7-6)
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reveals that the inherent noise spectrum of the homodyne is 1/2 hy, provided
that detecting either amplitude or phase, but not both, is of interest. Hence
in the homodyne the equivalent input quantum noise .s only half as large as
that occurring in the perfect heterodyne or perfect linear amplifier receiver,
Therefore, the detection limit for the homodyne under quantum noise limited
operation is half the detection limit of the other two types.

INFORMATION CAPACITY CONSIDERATIONS

The information capacity of an optical channel has never yet been
approached. Nevertheless, the capacity indicates the theoretical capability
of a system. In addition, capacity may point out the most promising way to
arrive at a given information rate level based on the intuitive feeling that it

is easier to reach this level in a system with higher capacity than in one with
lower capacity.

An optical channel differs from a channel utilizing electromagnetic
waves at a lower frequency because quantum effects caused by high frequency
are prominent in the former. J. P. Gordon (Reference 7-7) has analyzed such

a channel. The main points of his work are summarized in the following
paragraphs,

The information capacity, i.e. , the maximum rate at which infor-
mation can be transmitted, of a channel characterized by:

1} Bandwidth Bo' cps

2) Additive white noise of average power ﬁb’ watts, or spectral
density, y , i.e., ?b =y B

3) The restriction of available average signaling power P _, watts
is attained when the signal has the characteristics of white noise,

}‘Ds §S+ 1‘3b hvB_ ﬁb : hvB bits
Cy =B lgll+==—e )4 2D o (14— | by [, ,
w o8 P + hvB hv g P +B hvy g P sec
b o s b b

(7-44)*

This is the capacity of an electromagnetic_wave at the point where TDS and P
are referred. The additive noise power Pb is usually taken as arising from
a blackbody at temperature Tn’ °K, i.e.,

. =
— h v {-1
Pb = hvy Bo exp (—;——-—) -1 (7-45)




For the particular case Bg= 109 cps and T, = 290° K, the wave capacity
is plotted in Figure 7-4 as a function of frequency » . Equation 7-44 reduces
to the classical formula

ol

Cw = BQ gt 1 +%—S- ) bits per second { 7-46)
b

provided that '13b >> hvB,

Capacity of Channel with Linear Amplifier

A high-gain linear amplifier characterized by the bandwidth B, is
’ .employed at the receiving end, and the effective input noise, where K 2 |, is

Neff=Khv Bo

In the case of a perfect linear amplifier, the term K equals unity. After the
amplifier, the channel is characterized by the bandwidth By, noise average
power G (Pp + Nggf) >> hvB,, and signal power G Pg, where G is the ampli-

fier power gain. * Hence, the classical formula is applicable and
ﬁs
C =B 1g (1 +— bits per second (7-47)
AMPL ° P, +KhvB_

Capacity of Channel with Heterodyne Receiver

The signal-to-noise ratio performance of the heterodyne converter is
given by Equation 7-33. Here again, for the reasons given above, the
classical formula is applicable and

/ -
Ps
CHET = B0 g |1 + = 1 5 bits per second
) . b MY o

is obtained. Comparison of Equations 7-47 and 7-48 reveals that the informa-
tion capacity of a system using a heterodyne receiver is the same as that of
one using a linear amplifier with K = 1/7 .

"The assumption is that after much amplification the information remaining
in the wave can be extracted. Therefore, Equation 7-46 characterizes the
system using such an amplifier at the front end of its receiver.
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Capacity of Channel using Homodyne Receiver

The signal-to-noise ratio performance of the homodyne is given by
Equation 7-37,. Based on the discussion given above, the classical capacity
formula is applicable and hence

B_ 2P,
HOM ~ 2 18 {1+

C bits per second (7-49)

Pb+2,qhng

Capacity of Channel with Energy Receiver

This is the system which employs a video detector_(quantum counter)
directly for detection. It has been analyzed for the case Pg >> h vB and under
this condition its capacity found to be:

C =

v

c, - B, [1g /27 +0.28914 e] bits per second  (7-50)

ISR

Information Extraction Ability of Various Systems

To compare the capacities of the various systems, information extrac-
tion ability from an electromagnetic wave is defined as

C

y =

C

w

where Cy is the capacity for the system under examination. In Figure 7-5
the ability Y is plotted versus frequency in the systems examined above for
the particular case of signal power Ps = 10-11 watt and bandwidth and incident
additive noise Pb corresponding to that used in Figure 7-4,

In the same figure for purposes of comparison the inforrnation extrac-
tion ability of the energy-sensitive receiver is plotted. It is employed here
particularly as a binary quantum counter. This system is described and
analyzed in Reference 7-7. From Figure 7-4 it is evident that for a given
bandwidth By, and signaling power Pg, the information capacity of an electro-
magnetic wave diminishes rather rapidly as its frequency v increases beyond
Pg/hBg.

From Figure 7-5 it follows that the efficiency with whichareceiver can
extract the information incorporated in an electromagnetic wave depends on
the ratio Pg/h vB, and various types of receivers are more efficient for
various regions of this ratio. Thus, the receiver with a perfect heterodyne
converter or a perfect linear amplifier is very efficient for PS >> h vB,
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while the energy-sensitive receiver is half as efficient for the same situation.
The homodyne is somewhat between, but assumes predominance in lower
values of Pg/h vB down to the value 0.1 where the binary quantum counter is
better, arriving at unity efficiency for a very low signal level.

DISCUSSION

Previously, three detection schemes have been described and analyzed
on purely theoretical bases. Now their theoretical capabilities will be sum-
marized and the physical limitations in their implementation discussed.

The video detector can achieve a signal-to-noise ratio at its output
equal to

N

(2) = 1o A
Ny 2(@ +% +1n,)B n. 1
s b d o Z(1+-2s-9d)p
n n_ ) °
S 5

The heterodyne converter exhibits a signal-to-noise ratio performance simi-
lar to that of a linear amplifier and equal to

S K I_DS
E = - (7-52)
HET h VBO + 7 Pb
The homodyne, on the other hand, has a signal-to-noise ratio of
2n7P
S -~
(3 =— (7-53)
HOM Q. = :
—- 4+ P
hv > n b

From the signal-to-noise ratio point of view, the rating is homodyne, hetero-
dyne, video. It is easyto see that the dark current has been eliminated as a
source of noise in the homodyne and heterodyne, being wiped out by the local
oscillator, Moreover, the background additive noise manifested by 1p in the
video and Py in the other two systems is not the same. While np, refers to

the number of photons entering through the passband B, of the input optical
filter, Pp is referred to the bandpass filter in the intermediate frequency with
a bandwidth B;. The construction of narrow-band optical filters is very
difficult, and at present it is not possible to obtain an optical filter with a
bandpass of less than 1 A, This is equivalent to a bandwidth of 6.12 x 1019 cps



at a ruby laser midfrequency (0.6943 micron) and 5.4 x 107 cps in the case

of a disprosium midfrequency7 (2.36 microns), while the modulzted signal may
occupy a band of less than 10/ cps. Therefore a reduction o: tackground
noise of the order of 103 is obtained by the employment of a more easily con-
structed filter of a bandwidth 107 cps centered at the intermediate frequency.

That the signal-to-noise ratio performance of the homodyne is at
least 3 db better than that of the heterodyne is evident from Equations 7-52
and 7-53. On the other hand, even with the absence of dark current and back-
ground noise, the heterodyne has a signal-to-noise ratio performance 3 db
above the video. This last figure, however, assumes that an ideal detector
is employed in the output of the heterodyne. If however, this ideal detector
is substituted by a square law device with an efficiency 7 which performs in
way similar to the video detector, the situation is identical to having in the

) ‘nput of this second detector a signal 7Pg = nng hv and a noise hv B, + 1Py
= hv(Bo + 7n;). Therefore, the signal-to-noise ratio realized at its output
will be, by virtue of Equation 7-51,

n.,Mn ,
) = z__ 8 (7-54)

s
N —— ——
v B n ng
2 z<1+—9- D, Mgy

K nﬂ n! K nS

(

where ngq, are the dark current noise photons in the second detector. Now
assuming the original background to be negligible (ny = 0), the ratio of the
signal-to-noise ratio at the output of a video detector (Equation 7-51) to the
signal-to-noise ratio of a video detector employed after the heterodyne con-

verter, is
B |
(8 1+ —2 4+ —2
v 1 mng  Mng
— =L — (7-55)
(=) M2 n,
VZ 1+ __" -
n
8
’ ‘ follows that heterodyne is profitably employed only if
n B T4
n, 14— Vo1 4 —2 2 {7-56)
n mn_, 7n
s s s



The efficiency Mz of a square law detector of the intermediate fre-
quency may approach unity while its dark current noise may be considered
negligible (by cooling) when Equation 7-56 reduces to

or

= by P
n,hyr=N._> 7713o (7-57)

Hence, the employment of the heterodyne is profitable only if the total dark
current noise power is larger than the total quantum no:se h y/n Bg.

The optical heterodyne exhibits the attribute of angular selectivity,
If heterodyne action is to be obtained, the signal and local oscillator light
beams must be parallel, coherent, and of the same polarization at the photo-
surface. Otherwise, the resulting intermediate frequency signals will have
different relative phases and will tend to cancel out. The beams must be
parallel to within

=X (7
Ae-d (7-58)

where X\ is the optical ‘wavelength and d is the diameter of the photodetector
surface (References 7 and 8). This results in a very small angle (for )\ =
0.5 micron and the photocathode diameter equal tol cm, A8 is 10 seconds of
arc). Precise optical alignment is then required. This increases the com-
plexity of the system and presents serious aiming problems. The effect of
such directivity on the receiver signal-to-noise ratio is not yet clear.

The coherency of the light beams to be mixed was postulated in the
analysis. Lasers are capable of producing coherent light, but the effect of
a turbulent atmosphere on the coherent radiation coming from the deep space
vehicle is a problem that has not been resolved. The limits of coherency
degradation for profitable employment of mixing is another area for theoreti-
cal and experimental study (Reference 7-9). :

The local oscillator laser provides the frequencv reference in the
heterodyne with which to compare the modulated incomiag wave. Its stability,
therefore, is most important; however, the tolerable limits of this stability
remain as a subject for further study. Problems associated with the phase-
lock loop of the homodyne cannot be anticipated until a thorough analytical
design is completed. The important points of the present investigation have
been summarized in Table 7-1. Other demodulation methods such as electro-
optical heterodyne and demodulation of polarization modulation were reported
previously on pages 63 and 68, respectively, of the Third Interim Report.
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8. CHANNEL CHARACTERIZATION

An information channel is characterized by a bandwidth occupancy and
the unwanted disturbances interferring with the information content of the
signal transmitted from the source to destination. For the unwanted inter-
ference the general term ''noise' is used. The intervening noise sources
which may be encountered in a Deep Space Communication system may be
classified in the following way:

1) Thermal background, due to stellar and planetary sources.

2) Attenuation, absorption, and scattering noise which results
from propagation through the atmosphere.

3) Scattering and absorption noise which results in the light-
gathering process.

4) Various inherent and internal noise sources which emerge
during the conversion of the optical signal into an electrical
waveform.

5) Electrical noise which occurs during the amplification and
electrical signal processing, etc.

If all the noise sources could be statistically described, the channel
would be completely characterized and, in principle, the method of optimal
utilization of the channel could be specified. Such a task is beyond the scope
ot this study. An attempt is made here to give as complete a characteriza-
tion of the noise sources as is reasonably commensurate with the goals of the
overall analysis. First, however, the attenuation suffered by the signal wili
be studied. This is because the final utilization of the transmitted signal is
made at the detector's output, where the attenuated and transduced version of
the original signal is extracted from the noise.

ATTENUATION EFFECTS

- Consider a diffraction-limited antenna transmitting an average power
P, into a conical beam of angle 8;, called ""beamwidth' at a radiating

8-1



wavelength A (or frequency v = c/\). At a distance R the power By has

been spread out over an area(m/4)(8{R)2, provided that 8, i5 very smail (so
that the approximation sin (6¢/2) = 6,/2 is valid). Now under the assumption*
that Py is uniformly distributed over the area(n/4)(8;R)2, & rzceiving antenna
of aperture area A, placed perpendicular to the radiation a: the distance R
intercepts power Pl;,' such that

_ _ 4Ar
= P, e— (8-1)
r t (9tR)2 S

P’ P2 Py

‘ If there are path components of transmittances T T . T
' between the two antennas, Equation 8-1 should be modified to:

4Ar
B = P —L
r P t(GtR)Z

where rp = -rp Tp .« e . rp is the total transmittance of the path between
2 . n . I
the antennas. l‘lor a circular aperture of diameter d,, the last equation is

further reduced to:
a_
15r } > Pt BtR

The transmitting power P, comes from a source of electromagnetic
radiation (in this case from a laser). If the transmittance of the path from
the output of the laser to the output of the antenna is Ty, termed '"trans-
mittance of the transmitter," the power generated by the laser P should be

e/
1]
- '"*uc

(ad

*This assumption suggests that the beamwidth O should be taken as the angle
between the half-power points in the antenna transmissiorn pattern, i.e.,

Ot = 1.02 \/dt (Reference 8-1) instead of the more conventional diffraction
limit value 0¢ = 1. 22 )/d¢{ (Reference 8-2).



The power received P, is utilized at the detector. If the optical path between
input to the recelving antenna and input to the detector ias a transmittance
Ty, called "transmittance of the receiver,' the power Py inciden: on the

detector is

P = P
s ror

Finally, the relation between laser output power and power input to the
detector is:

P, =P —F— o+ o (8-2)

For the communication links under consideration here, the only known
important component which may interfere in the propagation of the electro-
magnetic field between the two antennas is the atmosphere (cases of earth-to-
space links, as well as ground links). The total path transmittance, there-
fore, is the atmospheric transmittance, i.e., + = 7 , which is given as a

. . . . P a
function of wavelength in Figure 8-1.

Other possible path components may be clouds in the atmosphere,
dust, etc., and exoterrestial path components, i.e., the Van Allen belts,
meteorites, cosmic dust, etc. The transmittance of the exoterrestial path
component is taken to be unity in the absence of better information. The
path component in the atmosphere (clouds, dust, etc.} has been discussed in
previous reports, and the difficulties of establishing an absolute, simple
characterization is indicated. For present purposes, however, it is assumed
that these effects are characterized by the data in Figure 8-1.

Moreover, the transmittances T, and T of the optical paths in the

transmitter and in the receiver are assumed to be given by the constant
values

Tt= 0. 85

T =0.65
r

To a certain extent, control may be exercised in the construction of the path
components by choosing the best materials available at the operational wave-
length (see Figure 8-2). Typical path components may include the lenses,
optical filters in the receiver, modulation cells in the transmitter, etc. The
values chosen above represent reasonable values for the optical frequencies
considered. From Equation 8-2 it is easy, now, to find the signal current
output of the detector. Clearly Ps/hv is the number of photons per second
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incident on the detector. If the quantum efficiency of the detector is 7, at
the transmitting frequency considered, in its output are realized 7 P,/hy
electrons per second (called photoelectrons); hence the current due to the
signal photons is:

B 4%, . .
- _ s_ r 'r 'pTt? B /3
1 = T] - = \5‘3)
s hv (QtR)z hy L

DESCRIPTION OF NOISE SOURCES

The noise entering the communication system under study will be
examined at the output of the photodetective apparatus, where the signal has
been referred to in the previous paragraph.

It is thus assumed that the noise of the following electronic circuits
is either very small or, at any rate, common for all optical communications
systems and will not be examined here.

In general, the noise of an optical communication system may be
considered to be composed of two main parts:

1) Noise which enters the detector with the signal, described under
the general term 'background noise Ny. "

2) Noise generated in the detector called ''detector noise Ng. "

There are many ways of describing the noise; however, all of them
are underlined, from the statistical communication point of view, by the
same principle; namely, that the statistics of the noise are normal (Gaussian)
and therefore the power spectral density (i.e., power distribution versus
frequency) completely determines the fluctuations due to the noise. More-
over, the physical fact that the blackbody radiation presents a more or less
constant spectral density within small frequency intervals (bandwidths)
results in the noise examined in this small bandwidth to be uncorrelated
(white); i.e., the instantaneous noise amplitude is independent of its value at
any previous instant. On the other hand, if in a given bandwidth uncorrelated
noise of a certain spectral density level is observed, this noise may be con-
sidered as due to a blackbody at such a temperature Tg that the same spectral
density level results in the bandwidth under consideration. This temperature
TE is known as the ''equivalent noise temperature' of the noise observed in
the given bandwidth.

Background Noise

There are many ways of describing the background noise spectrum.
Here, however, the notion of the spectral irradiance HX is used, i.e., the



incident power (watts) per unit area (square centimeters) perpendicular to
the incoming radiation per unit wavelength (microns).

An antenna with an aperture area A, will receive noise from a back-
ground with irradiance Hb()\)

pb1 = A_H_()\) Ax (8-4)

where AX is the bandwidth over which the detector is restricted to cperate.
It is worth noting that the bandwidth AX is expressed here in a wavelength
interval and therefore is frequency dependent. Its equivalent bandwidth Av
in cycles per second is given by:

Av = =S A, cps (8-5)

(cX and A are in the same length units.) For a circular aperture of
diameter d, and a receiver transmittance t,., the incident noise power on

the detector is

b olkd

vrdz

A ST
Pb- 4 Hb()\)Ax T

r

The resultant noise current output from the detector due to the background
noise, for a detector of quantum efficiency 7, is

7rd2

% _
=L = H (N AN T (8-6)

iy

where v=c/\ is the midband frequency.
Observe that Equation 8-6 may have different forms for various
expressions of the irradiance. Thus, sometimes the irradiance is given at

the edge of the earth's atmosphere. Then for an antenna on the earth's
surface the irradiance is

where 7,()) is the total transmittance of the atmosphere at the wavelength
indicated (see Figure 8-1). In some applications the irradiance is given as

8-6



Qbl(A) in terms of photons-cm-z—,u -1 instead of watts—crrfz-/-t . Itis
useful to know then that:

H_()\)

C

h-—y-

Q,(») = (8-7)

The sources of background noise have been described in previous
reports.

The results are summarized and presented in terms of irradiance
in Figures 8-3 through 8-7,

Note that the background noise due to stars is neglected because its
contribution is negligible.

Also observe that for a ground antenna the daytime solar contribution
disappears at night leaving only the earth's contribution {earth at 250 °K).

Detector Noise

The causes of internal noise are many and their mechanism rather
involved, and they have been treated in the literature.

Mainly there are:

1) Johnson Noise: Due to the resistive element r of the detector

NT=4ktBor (8-8)

where Bg is the bandwidth of the circuits measuring the (signal)
noise, after the detector, T is the absolute temperature of the
detector, and k is the Boltzmann's constant. Usually this noise
is eliminated by cooling the detector.

2) Current Noise: The mechanism of this noise remains uncertain.
Its accepted value though is given by:

a

i ol

i fAW So {(8-9)

where K is a constant



Ad is the sensitive area of the detector

W is detector's thickness

I is the total average current through the detector

f is the frequency at which the measurement takes place

(modulation frequency)
a is an exponent in the range 1.25 to 4, but usually taken as 2.

Clearly this noise is insignificant for high coding (modulation)
rates.

3) Generation, Recombination Noise: This is the characteristic
noise in semiconductors. It is caused by the raise of valance-

‘ band electrons in the conduction band (this is called generation

because it creates mobile carriers for current flow), and also
by the recombination of electrons and holes. Its value is:

4tIt2cr

(1 + arlflo?)

N (f) = (8-10)

where 1 is the average number of free electrons
o is the carrier lifetime

Its value is insignificant as far as fo>>1

4) Shot Noise: Due to the discrete nature of the electric charge
(i. e., the electron) and its value is

N =2qLB (8-11)

where q is the electron charge.

It has already been mentioned that the noise due to sources 1, 2, and
3 can be neglected easily, in principle. This is not so, however, for the
shot noise. This noise depends on the total average current I through the
detector, which consists of the average signal current TS, the average back-
yround noise current 1},, and the average current which flows through the
detector in the absence of any input. This latter current is called average
'""dark current Td" and gives rise to the dark current noise

Ny =2qi B (8-12)

More often, however, the noise performance of a detector is
described in noise equivalent power (NEP) described in Section 2.
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Figure 8-4. Calculated Maximum Irradiance from Venus Outside
Earth's Atmosphere

Venus to earth at minimum distance of 10, 3(103) km
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Figure 8-5. Calculated Maximum Irradiance from Mars Qutside
' FEarth's Atmosphere

Mars to earth at minimum distance of 78. 3(10%) km
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Figure 8-6. Calculated Maximum Irradiance from Full Moon

Outside Earth's Atmosphere

Moon to earth at minimum distance of 384, 4(103) km
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Figure 8-7, Calculated Maximum Irradiance from Earth at Moon

Earth to moon at minimum distance of 384, 4(103) km
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9. OPERATIONS ANALYSIS

The operations analysis study tasks of the Deep Space Optical Com-
munications Study has been completed and reported on in interim reports.
References to this material are given below:

ENERGY SOURCES

First Interim Report, pages 31 — 34,

TRACKING AND POINTING

First Interim Report, pages 35 — 36.
Third Interim Report, pages 89 — 95.

SPACECRAFT STABILIZATION

First Interim Report, pages 36 — 37,

SOURCE-DESTINATION RELATIONSHIPS

First Interim Report, pages 23 — 27,

EARTH-BASED STATIONS

Fourth Interim Report, pages 2 —13.

DEEP SPACE VEHICLE STATION

Fourth Interim Report, pages 13 —17.



10. SYSTEMS ANALYSIS

In this section, the material and analyses of the previous sections are
integrated to provide a basis for the selection of the '"best' system, based
on theoretical and practical arguments. In a study of this kind. a compro-
mise between theoretical and practical considerations must continually be
made, for the theoretically best system may be well beyond today's practical
capability, and today's most practical system may be well below the ultimum
system theoretically achievable.

The technique used here has been to select the operating frequency
based on practical considerations, which from theoretical considerations
implies a certain system. This frequency and detector regime was then
analyzed in a system context to decide on the location for the various link
elements. The modulation systems which appear to provide the best potential
were thus indicated.

Since guidelines of additional study, research, and development are
also valuable results of an analysis of this kind, areas in which improvement
is desired are also indicated as are the possible effects in technological
breakthrough in the overall results of the study.

TRANSMISSION FREQUENCY SELECTION

The approach taken in this study has been to minimize the on-board
DSV weight per bit per second of information rate. The main factors contri-
buting to this weight are the size of the entrance optics (antennas) and the
weight of the power supply. From the standpoint of the size of the entrance
optics the way to go is toward smaller wavelength (higher frequencies), as it
is seen from the relationship for the diameter d of a diffraction limited
circular aperture:

d = 1.22 (10-1)

D>

where 0 is the beam cone angle. On the other hand, the maximum informa-
tion content of an electromagnetic wave within a certain bandwidth Bo, in
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presence of uncorrelated (white) additive noise and under the restriction of a
signal average power Pg, diminishes rapidly as the frequency v is increased
beyond I—Ds/hBo. This is clearly illustrated in Figure 7-4. Therefore the
frequency v = c/X cannot be increased indefinitely without perealty to system
performance.

The signal average power Pg in Figure 7-4,as well as tre additive
noise, are referred to the point where the electromagnetic wave will be
utilized, the input to the detector. In order to have this power Py in the
detector, a power P], is required at the output of the transmitting laser given
by the relation (see Equation 8-2)

.—- 1 etR :
PL = oo Q&“) Py (10-2)
rta r

The transmitter and receiver optical transmittances are considered constant
for reasons explained in Section 8 while the frequency (wavelength) depend-
ence of the atmospheric transmittance for the standard atmosphere is given
in Figure 8-1.

The average input signal power Ps for a given constant information
rate I is frequency dependent, Figures 10-1 and 10-2 are the same as
Figures 7-4 and 7-5 but plotted in a slightly different manner for the present
discussion. The selection of a frequency will be based on the assumption
that by selecting a proper coding (modulation) scheme, as described in the
following section, we can utilize a certain fraction o (say a = 0. 1) of the
""channel capacity," which is the product of the information extraction ability
y of the detector and the information capacity C, of the electromagnetic
wave. Thus, from Figures 10-1 and 10-2 it is clear that, neglecting
increased system weight and complexity, larger wavelengths give increased
system performance. However, for an earth-space link the transmittance of
the atmosphere 73 must also be taken into account, and low values of 7, are
directly reflected in increased transmitter power required.

That the power required at the detector increases with frequency is
*vident from the set of curves in Figure 10-2. In order to obtain the
required information transmission rate I, the wave capacity should be

_ I

CW = m (10-3)

where @ is the constant percent of the channel capacity which a coding
scheme can utilize and y (X) is given in Figure 10-1 (in the sequel modified
by the quantum efficiency n). Now y decreases with frequency up to

10-2
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frequency 1.3 x 1014 cps (for which homodyne is theoretically the optirmum
system to use) and from this frequency on, y increases slowiy {when the
binary counter is best in the theoretical sense). However, fcr the wave capac-
ity given by Equation 10-6, the power Pg increases with frequency rnuch

faster than the reduction in Cy, caused by increasing y¥. This can be seen

easily if Equation 10-6 is written as

Y Cw = (—i- = const (10-4)

and the y C,, curves in Figure 10-2 (broken lines) are observed. From
aser power considerations, we see from the set of curves in Figure 1(-2,
lotted for black body background at 290° K and a bandwidth B, = 109 cps,

it is of interest to choose a frequency in the region above 30 microns. For

an earth-based system, however, the atmosphere is opaque in this region,

presenting no transmittance window, nor are there any available sources for

use as a transmitter,

Figure 10-1 is plotted for the perfect ''detector' with efficiency 7 = 1.
While the quantum efficiency of practical detectors in the region above 1
micron can approach unity as indicated in Figure 10-3, these detectors are
severely bandwidth-limited, as discussed in Section 2. For detectors with
the bandwidth performance required, the quantum efficiency is below that
indicated in the figure. Thus, modification of the curves in Figure 10-1,
taking account of the quantum efficiency as a function of bandwidth of the
detectors, would be profitable. A more detailed analysis would have to
include this functional relationship and determine the optimurn band on
detector quantum efficiency — bandwidth performance. Finaily the power
required at the transmitter antenna output may be translated into weight of
required power supply and cooling apparatus by taking into account the laser
efficiency.

From the discussion above it follows that theoretical considerations
favor frequencies in the mid-infrared region of the optical spectrum while
practical considerations favor higher frequencies. '

The choice of a laser operating in a window in the IR -portion of the’
spectrum seems highiy desirable, based on theoretical considerations. Thus
if the high gain of the He-Xe laser at 3.5 microns, for example, could be
translated into layer powers, and if its spectral characteristics would permit
homodyne operation, it could very well be competitive for future use in a
coherent system, provided suitable detectors could be found. Sufficient data
is not available to support any contention of this kind, however.

The following considerations will be used to govern the selection of
operating frequency:
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D = —-t_r_____u ’.‘_
PS > {(13-5)
GtR

where 7 x T; is the total transmittance from transmitting antenna to
detector (see Equation 10-2).

Assuming that video detection is utilized, it is seen from Equation7-13
that

" ':‘= = "7-ns (10-6)
(o]

Assuming that a cooled photodetector is used in which all the dark
| current photons have been eliminated and fig=0

3

7 7’
- S

S
N~ 2B (& +8) (19-7)
(] S (o]

Now for an antenna operating in the atmosphere, the principal source
of noise is atmospheric and varies with the time of day. Moreover, the
receiver field of view required to keep the transmitter under observation as
a result of atmospheric image motion, etc., varies. In this analysis we
assume 10 micro-radians for night and 50 micro radians for daytime
observations, 8y, for free space links (synchronous satellite or lunar base)
is assumed to ber: 1 micro-radian due to pointing and tracking limitations,
Assuming a background radiance caused by the average noise nackground
power is given by

2
5. T 2,2
2 N (X)
= . I 2,2 _b " ,
;Jb ST Av Qr dr o {10-8)

where Ny ()) is backgrourd spectral radiance and is related to Hy (X)) given
in Section 8 by Hy (M) = Np(2) df, where d is the angular field of view
of the receiver and is given for small angles by d = TTOrZ/‘}.
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f’tdr T,
P = —-—2——29_—— (10-5)
8, R

where Tp X T4 is the total transmittance from transmitting antenna tc
detector'(see 1‘Equation 10-2).

Assuming that video detection is utilized, it is seen from Egquation7-13
that

S _
N~ 2R, 15, *a B, (10-0)

Assuming that a cooled photodetector is used in which all the dark
current photons have been eliminated and &g = 0,

n w2
_ 5

S
N~ 2B (& +a_) (10-7)
o S (o]

Now for an antenna operating in the atmosphere, the principal source
of noise is atmospheric and varies with the time of day. Moreover, the
receiver field of view required to keep the transmitter under observation as
a result of atmospheric image motion, etc., varies. In this analysis we
assume 10 micro-radians for night and 50 micro radians for daytime
observations, 8,, for free space links (synchronous satellite or lunar base)
is assumed to bex 1 micro-radian due to pointing and tracking limitations.
Assuming a background radiance caused by the average noise background
power is given by

2

N 2 .2
Py = 1g £v 6, 47 N (V)
2 N, (X))
- _r 2,2 b
"b T 16 By 9r dr hv (10-8)

where Ny ()) is background spectral radiance and is reiated to Hy (X)) given
in Section 8 by Hy, () = Np(X) dQl, where d is the angular field of view
of the receiver and is given for small angles by dQ = 78,2/ 4.
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Solving for By in Equation 10-8 gives
n &’
B = 102
o 2(_5_)(_ o) 110-9)
N/ g Np

Substituting in Equation 10-9 for ng from Equation 10-8 gives

=2
non {
- -1
®o s\ (= 7~ 2 2 N 1010
z(ﬁ) (s t g Aved; hy >
The results for I_SS = 1 watt, A = 0.5 micron, 0.69 micron, ,1l.0micron,
and for signal-to-noise ratio of 10 with a filter passband = 10 A is given for

the various links in Figure 10- 4

It is of interest to note that for systems operating at the same fre-
quency, the size of the ground-based antenna can be said to be "more
reasonable' than the corresponding orbiting or lunar-based antenna. For
example, at 0. 69 micron, a 60-inch telescope on the ground is equivalent to
a 40-inch telescope on a synchronous satellite or on the moon, in order to
provide a maximum bandwidth of 1 mc. The effect of operating frequency is
also quite pronounced, giving larger bandwidths as was expected on less
complicated grounds. Note that for A = 1.0 micron, a 200-inch telescope
in free space is required for a 1 mc bandwidth system, while only a 40-inch
telescope is required at 0. 69 micron. This reflects in part the receiver
gain and quantum efficiency of the photodetector dependence on the wave-
length involved. The difference in required antenna sizes between free space
and atmospheric cases is quite pronounced at significantly lower bandwidths
for the large wavelength systems. The difference between day and night
operation is relatively insignificant for all but the high frequency case.

The curve strongly supports earth-based operation for incoherent,
quantum counter systems with existing detector component technology.
Since, neglecting fine structure the transmissivity is approximately constant
over the region of the peak of the quantum efficiency of photo-emitter, one
should use a laser which operates as close to this peak as possible. It must
be noted that this selection of an earth-based receiver systems is contingent
upon the use of incoherent reception only, and the advent of coherent
receivers in the IR portion of the spectrum could possibly favor a {rec-space
receiver system with performance which is superior.

MODULATION METHOD SELECTION

The previous analysis has narrowed the selection of a modulation
method for a deep space communication system to a choice of one of the
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capabilities of the gas laser. The laser diode beam angle is much broader
than that of a gas laser, and collimation of the beam presents problems
because of its fan shape. A further problem exists in that temperature-stabie
cryogenic cooling is required for laser diodes. On the bright side, the semi-
conductor laser is a small, lightweight device which may be mounted within
! the system optics rather easily. The problems associated with the use of
laser diodes do not appear unsolvable, but for an immediate system it does
not appear feasible to use these devices for PCM transmission.

The solid state laser suffers most of the drawbacks of the semi-

| conductor laser including poor spectral purity and the requirement of
cryogenic cooling. Its continuous carrier waveform is also subject to a

‘ nsiderable amount of spiking.
‘ For PCM transmission with a gas laser, no practical methods of
internal modulation exist for either frequency shift keying or polarization
modulation. Polarization modulation can be performed by a cascaded
electro-optic modulator or a Fabry-Perot modulator. Frequency modulation,
however, cannot be performed with reasonable efficiency or quality with any
present modulator.

PPM is most easily handled by the semiconductor diode operating in
a pulse mode. However, the pulsed laser diode is subject to the same
operational limitations as its continuous wave counterpart.

Modulation of a laser diode for PPM is performed internally by
current pumping. However, the high current, modulation pulses required by
the diode must be generated outside the diode by modulator switching circuits.
For high information rates, the only switching component that is capable of
handling the fast switching speeds is the avalanche transistor. Unfortunately,
this device presently limits the full utilization of the laser diode power output
because of its own internal power dissipation.

Based upon these considerations of laser and modulator availability
and capability, the communication system that seems most feasible to
implement at present is the PCM polarization modulation system using a
CW gas laser. )
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incoherent reception techniques. The comparative advantages and disadvan-
tages of the incoherent forms of reception have been presented in the section
on modulation systems. The results of that analysis are presented below.

1)  Incoherent analog modulation techniques may be eliminated from
consideration because of their lower commurication eificiencies
compared to the incoherent, time-quantized forms of modulation.

2) PPM and PCM are the most efficient forms of time-quantized
modulation.

3) For a high background noise environment, in the absence of
"signal' noise, PCM is superior to PPM, In general, narrow
optical filters or heterodyning techniques are necessary to take
advantage of the lower bandwidth of PCM compared to PPM for
the same information rate.

4) For a low amount of background noise, PPM may take precedence
over PCM if bandwidth occupancy is not a consideration and power
conservation is the primary design factor.

5) Incoherent pulse code modulation transmission takes three main
torms: PCM/AM, PCM/FSK, and PCM/PL. They exhibit nearly
the same communication system efficiency.

6) With a laser oscillator of peak power limitation, PCM/AM will

be restricted to an operation at one-half the average power trans-
mission of PCM/FSK and PCM/PL.

The theoretical selection of an optimum incoherent modulation method
cannot be made among the resultant choices of PPM, PCM/FSK, and PCM/PL
until a much deeper understanding is available of the system noise environ-
ment and detection processes. However, since the three systems are expected
to lie in the same general efficiency range, the choice between them for a
present or near future system can be made on the basis of implementation
requirements. Toward this goal, the following capsule review of the imple-
mentation requirements of the systems is presented.

Continuous wave gaseous lasers suitable for the generation of PCM .
carrier waveforms presently exist. They exhibit an extremely nigh degree
of spectral purity and coherency, and are capable of being collimated to small
beam angles. Their weights are reasonable for spacecraft use, but gas lasers
tend to be relatively long devices. The average power available with a gas
laser is relatively low for deep space applications. However, it is comparable
to the CW laser injection diode and the Dy 2+:CaFZ and Nd3+: CaWOy4 solid state
laser which are theonly other devices that could be usc d for PCM transmission.

Many physical problems presently exist with the CW semiconductor

diode laser. It is difficult to reliably induce laser action in an injection
diode. Also, the spectral purity and frequency drift are far below the
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11. PRELIMINARY SYSTEMS DESIGN

The systems analysis study of the previous section has reduced the
search for an optimum deep space communication system for the near future
to two systems: pulse position modulation, using a gallium arsenide diode,
and PCM polarization modulation, using a CW gas laser.

For an immediate communication system the practical problems of
implementing a PPM system have eliminated it in favor of the PCM system
which can be reliably implemented with present system components. For
this reason the following discussion has been limited to a preliminary systems
design analysis of the PCM polarization modulation communication system.

The fourth interim report of the Deep Space Optical Communication
Study (Reference 11-1) presented a preliminary systems design of the same
two systems on a more futuristic basis. The philosophy of that analysis was
to determine the laser output power and system bandwidth required for a '
given information rate that was tailored for the transmission of real time
television. The high information rate requirements led to system power and
bandwidth specifications that are above the present projected state of the art
near-term systems.

For this preliminary system design analysis a more conservative
approach has been taken to give an indication of the configuration and perform-
ance characteristics of the PCM/PL system as it might be implemented in
the very near future. The philosophy of this design analysis has been to set
capability limitations on the optical components of the system and the associ-
ated electronic equipment in terms of both speed and power. The result of
the analysis is a preliminary configuration of the system and an evaluation of
its performance characteristics as a function of information sample rate and
laser output power.

PCM POLARIZATION MODULATION SYSTEM

In PCM polarization modulation transmission, the state of polarization
of the transmitted beam is set in one of two possible states to represent binary
ones or zeros of the message. Typically, the two are orthogonal linear
polarizations or right-hand and left-hand circular polarization. The state of
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polarization at the receiver will be determined by separating the two signifi-
cant polarizations by means of a polarizing prism. Light from the daytim.e
sky 1s partially unpolarized and partially linearly polarized and, therefors,
it might be detected unequally by the two channels if linear polarization wecre
transmitted. For this reason it is desirable to transmit circularly polarized
light.

A typical PCM polarization modulation communication system is shown
in Figure 11-1. A CW helium-neon gas laser operating at 6328 A has its
linearly polarized output converted into either a right or left circularly polar-
ized light by a cascaded element electro-optical modulator. The output of the
modulator is collimated by a reflecting telescope. The receiver telescope

llects the transmitted light signal and passes it through a passive optical
‘ter of bandwidth 10 & or less. The polarization resolving optics utilize a
quarter-wave plate to transform the two opposite circular polarizations into
orthogonal linear polarizations. The resulting beam is spatially resolved and
focused on separate detectors. After detection the right and left channel
signals are subtracted and the resultant is applied to a threshold electrical
polarity detector.

The implementation problems associated with this type of PCM polar-
ization modulation system are due to power limitations of the gas laser and
speed and power limitations of the modulator circuits. The present gas lasers
operate to about 100 mw of average power with a 1 watt upper limit predicted
for the near future. Electro-optic modulators can operate up to a rate of 50
mc with reasonable efficiency.

As mentioned in the systems analysis discussion, the optimum operat-
ing wavelength point for an incoherent communication system such as the
PCM/PL system will be at the peak of the photodetector quantum efficiency
curie (Figure 10-3, Section 10). The gas laser operating nearest the quantum

efficiency peak is the helium neon gas laser operating at a wavelength of 0.63
micron.

PHYSICAL DESIGN DETAILS
The physical design details of the construction of the optical and
echanical portions of the communication system have been presented in the
urth interim report of the Deep Space Optical Communication Study. The
pertinent references are given below.
1)  Mounting to the Spacecraft
Fourth Interim Report, pages 55-56.
2) Primary Optical System

Fourth Interim Report, page 57.
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3) Isolation Gimbal
Fourth Interim Report, pages 57-60.
4) Divisional Optical Systems
Fourth Interim Report, pages 61-63.
PERFORMANCE EVALUATION
The performance of the PCM system may be evaluated by the use of

the following equations®* relating the signal quanta per sampling period, 3,
and the noise quanta per sampling period, N, to the system parameters.

b The definition and example values of the parameters are given in Table
I-1.
|
2,2 2
_QB(X)AXdR o 7 T, Tpmr
N = (11-1)
16 :
d 2 T- T, T, T.nr
R T A R S
81 R (hc/ )

.The relationship between Equations 11-1 and 11-2 (References 11-2 and 11-3)
is given in Figure 11-2 for the PCM form of modulation.

The evaluation procedure has been to calculate N as a function of 1
and S as a function of v and PT. The relationships are shown below for the
PCM system operating at a wavelength of 0. 63 micron for the three cases of
background conditions.

Daytime sky

l.65x108T (ll—»3)

' . S 2.27x106'!' PT (11-4)

I

N

Nighttime Mars

6

N 3.9x 10 1 (11-5)

i)

2.27x106TP (31-6)

S T

*These equations are developed in Section 8.
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TABLE 11-1. PARAMETER VALUES FOR A DSV-EARTH
COMMUNICATION LINK
Parameter Symbol Value
Distance 9.3 x 1012 ¢m
Transmitter beam diameter BT 5 x 1075 radians
Receiver field diameter GR
Daytime 1074 radians
Nighttime 2.5 x 102 radians
Receiver aperture diameter dr 300 cm
Receiver optical filter A 10~3 microns
noise bandwidth
Transmitter optical TT 0. 85
transmittance
Atmospheric optical TA 0.75
transmittance
Receiver optical 'I'R 0.60
transmittance
Atrmospheric scintillation TS 0.90
factor
Receiver phototube 7 (xl =0.63 micron} 0.05
quantum efficiency
(x2=0.84 micron) 0.003
Spectral photon radiance Qp (7)
. nhot
Daytime sky ()\1 =0. 63 micron) 1016 —200%00
sec cm ST
(A2= 0. 84 micron} 5 x 1012 photon
sec cm  Ssru
Nighttime Mars ( )‘l =0.63 micron; 5 x 10l > photon
: sec cm STu
()\2=0.84 micron) 3 x 10t° photozn
sec cm” sru
Nighttime sky =0
Sample error rate Pe' 10‘2 i
'
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T )

Nighttime sky
N =20 (11-7)

2.27x1067P (11-8)

> T

1

The results of the performance analysis for the PCM/PL systems are
shown in Figure 11-3. In the figure the information sample period is plotted
as a function of required transmitter power. The large power requirements
for the daytime transmission case are due in part to the fact that the filter
bandwidth of 107° micron is much greater than the transmission bandwidth.

If a narrow-band filter could be employed through the use of a laser preampli-
fier active filter or the application of superheterodyning techniques, the power
. .equirements could be reduced considerably for this case.

REFERENCES
11-1. "Deep Space Optical Communication Study, ' Fourth Interim Report,
pages 55-72.

11-2. Ibid, page 36.

11-3. 1Ibid, page 47.
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12. CONCLUSIONS AND RECOMMENDATIONS

The results of this preliminary systems analysis indicate that optical
communication from deep space is feasible and competitive with microwave
communication. While the areas of component development are rapidly
expanding, the results of this study favor the use of an earth-based receiver
system utilizing incoherent (quantum-counter) detection at frequencies in the
visible portion of the spectrum. :

Additional study is required of coherent reception to place it in the
proper context with respect to incoherent reception, but theoretical studies
indicate that potential exists for improved system performance utilizing
coherent reception in the IR portion of the spectrum, and possibly from a
synchronous satellite with a microwave or optical link to earth. A definite
decision can be reached only through increased experimental knowledge of

atmospheric effects on coherent reception and improved detection perform-
ance at IR.

The currently competitive systems appear to be the following:
1) Earth-based

CW laser utilizing PCM-polarization modulation
Pulsed laser utilizing PPM

2) Earth- or satellite-based

Coherent reception
{

It is recommended that the following be initiated:

1) An advanced system study to compare the relative merits of
these three systems, based on a deeper analysis of their
capabilities and on experimental results which could be obtained
by building one of them.

2) The fabrication of an experimental CW PCM-polarization
modulation system to provide the experimental test-bed indicated
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above, as well as to establishthe limitations of this competitive
} system. This system was chosen because it appears to be tae
one which can be most easily implemented at the present time.
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